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FOREWORD

The growing interest in the use of columbium, molybdenum, tantalum, and tungs-
ten metals and their alloys for structural applications has emphasized the need for an up-
to~-date review of some of the more important physical, mechanical, and metallurgical
properties of these materials. Four consecutively numbered reports covering colum-
bium and columbium alloys, molybdenum ar.d molybdenum alloys, tantalum and tantalum
alloys, and tungsten and tungsten alloys have heen prepared. The intent of these reports
has been to assemble, present, and summarize, in easy reference form, the engineering-
property data of these four refractory metals and alloys. 'This report covers columbium
and columbium alloys.

In addition to data available from the published literature, numerous organizations
have contributed data for inclusion in this revort, The Defense Metals Information
Center gratefully acknowledges the assistance of the following individuals and organiza-
tions who contributed valuable information used in the preparation of this report.
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H, Peters, E, I, du Pont de Nemours Company, Inc,

R. L. Wilkey, Fansteel Metallurgical Corporation

R. Bancroft and M, Schussler, Haynes Stellite Company

R, W, Werner, Lawrence Radiation Laboratory

. P. Trost, Metals and Controls, Inc.

i, Torti, National Research Corporation

W. Bauer, Stauffer Metals Company

R. B. Bargainnier, Sylvania Electric Products, Inc.

C., Mueller and G, A. Liadis, Universal Gyclops Steel Corporation

S. A. Worcester, Wah Chang Corporation

R. L. Ammon, R. T, Begley, and H, G, Sell, Westinghouse Electric
Corporation
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THE ENGINEERING PROPERTIES OF
COLUMBIUM AND COLUMBIUM ALLOYS

SUMMARY

This report presents the results of a state-cf-the-art survey covering columbium
and 18 of its most promising alloys. All data are given in tabular and graphical form
covering some of the more important physical, mechanical, and metallurgical proper-
ties for each material, References are given at the conclusion of each material section.



INTRODUCTION

The requirements for structural materials for service temperatures in excess of
those attainable with present materials of construction has provided the stimulus for the
development of refractory metals and alloys, Interest has stemmed largely from the
high-temperature structural-engineering requirements associated with military hard-
ware. In the development of the refractory metals columbium, molybdenum, tantalum,
and tungsten and their alloys, extensive studies have been conducted and are in progress
which are aimed toward the investigation of fundamental metallurgical concepts, alloy
development, pilot scale-up development of promising compositions, and, ultimately,
alloy commexrcialization,

This report reviews some of the more important properties of columbium and 18 of
its alloys. Of this group of alloys, several have not reached true commercial status;
however the potential of these advanced experimental and pilot-production alloys warrants
consideration. All data are presented in tabular and graphical form according to a
number of important physical, mechanical, and metallurgical properties for columbium
and cach of its 18 alloys. Properties and alloys covered in this report are listed in
“Table 1,

Intensive laboraiory studies on columbium alloys over the past decade have re-
sulted in the continual evaluation of pilot quantities of a large number of promising
alloys. The present trend of alloy development is directed toward refinement rather
than toward new basic compositions. A significant amount of work is being conducted
in the area of fabrication, solution treating, and aging.

In preparing this state-of-the-art survey, technical journals and publications,
research reports, and trade literature made available to the Defense Mctals Information
Center were supplemented with personal contacts with a number of individuals and
organizations actively engaged in the refractory-metals field. References are given at
the conclusion of each material section.



ALLOYS AND PROPERTY DATA CCVERED IN THIS REPORT

TABLE 1.
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Columbium
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Cb-10Hf-1Ti-0.5Zc
Cb-10Ta-10w

Ch-28Ta-10W~1Zr

Ch-23Ta-12r
Cb-10Ti-5Zr

Cb-10Ti-10Mo-0. IC

Cb-5W-1Zr

Cb-10W-12r-0.1C

Cb-10w-2,52r
Cb-10W -10Hf

Cb-15W-5Mo-1Zt

Cb-15W-5Mo-5Ti-1Zr
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Cb-20W-10Ti-6Mo
Ch-5V-SMo-1Zr
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ORGANIZATION OF DATA PRESENTED IN THE APPENDIX

1. Identification of Material

Designation
Chemical composition
Forms available

2. Physical Properties

Melting point
Density

Thermal expansion
Thermal conductivity
Electrical resistivity

3. Mechanical Properties
Tensile Properties at Room Temperature

Ultimate tensile sirength
Tensile yield strength
Elongation

Reduction in area
Modulus of elasticity

Effect of Temperature on Tensile Properties
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Tensile yield strength
Elcngation
Reduction in area
Modulus of elasticity

Notched Tensile Properties

Creep and Stress-Rupture Properties

Other Selected Mechanical Properties

4. Metallurgical Properties

Fabricability

Transition temperature
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Stress-relief temperature
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A-1

APPENDIX

COLUMBIUM AND ITS ALLOYS

Identification of Material
a. Designation: many, depending upon individual supplier
b. Chemical composition: Tables A-1 and A-2

c, Forms available: ingot, strip, sheet, foil, plate, bar, rod, wire, and tube(1-4)



TABIE A-1,  CHEMICAL REQUIREMENTS FOR COLUMBIUM PRODUCED BY FUSION,
POWDER METALLURGY, OR OTHER SUITABLE MEANS TO PRODUCE
CONSOLIDATED METAL FOR PROCESSING TO VARIOUS BASIC
SHAPES(a)X(1-4)

Content, Maximum, ppm

Element Reactor Grade Commercial Grade

C 100 5 4 s00
N 300 g 400
o} . | oo § 800
H 1 20 g S
Lt - alo Lovy
Fe Ef 500 500
Ta * 1 1000 2000
Ti 500 500
Si 300 500
B 2 --
W 508 500
Mo 500 500
Al 100 500
Be 100 --
Cd 5 --
Cr 100 500
Co 30 -
Cu o 100 o .-
Pb & 50 2 --
Li S 10 = --
Mg § 50 §- --
Mn 2 100 ? 500
NI § 200 E 500
sn z | 200 = 500
v 200 500
Y 10 -
Zn 30 --
u 2 -
Hf 100 --
Ca 100 --
Na 100 --
cl 300 --
Cb, by difference 99.6% min 99, 2% min

(a) For ingot, sirip, sheer, foil, plate, bar, rod, wire, and tube,



TABLE A-2.  REPRESENTATIVE ANALYSES OF COLUMBIUM AS PRODUCED BY POWDER METALLURGY
AND ELECTRON-BEAM PROCESSES(2)

Impurity Eiectron-Beamn Melted

Element powder Metallurgy(5) Ref. () Ref. (7, Ref, (8) Ref. (9)
C 50 30 <30 40 50
(o) 500 40 62 150 [t1¢]
N 100 90 44 50 48
H 1 15 -- -~ <2
Al 20 .= -- <20 <20
B -- -- .- <1 <1
Cd -- .- -- <1 <5
Cr -- -- .- <20 <20
Cu 30 .- <40 <40 <40
Fe 30 - <100 <100 <100
Hf -- -- - - <80
Mg <10 .- -- <20 <20
M 10 -- -- <20 <20
Mo 100 - -- <20 <20
Ni 60 -- .- <20 <20
Pb .- -- - <20 <20
Si 100 - <100 <100 <100
Sn -- -- -- <20 <20
Ta .- 500 390 1800 <500
Ti 20 - <180 <150 <160
\Y -- -- - <20 <20
w -- -- <300 400 <300
Zn -- .- -- <20 <20
Zr 100-6000 -- -- -- <500
Otlrers -- 100 <20 -- --

(a) Analyses are given in parts per million.



TABLE A-2,  REPRESENTATIVE ANALYSES OF COLUMBIUM AS PRODUCED BY POWDER METALLURGY
AND ELECTRON -BEAM PROCESSES(2)

Impurity Electron-Beam Melted

Element Powder Mataliurgy("’) Ref. (v} Ref. (1) Ref. (8) Ref. (M)
C 50 3u <30 40 50
O 500 40 62 1590 18]
N 100 90 14 50 48
H ! 15 - -- <2
Al 20 -- - <20 <20
B - “- -- <1 <1
d -- -- -- <l <h
Cr -- .- -- <20 <20
Cu 30 .- <40 <40 <40
Fe 30 -- <lo0 <100 <100
Hf -- -- - -- <80
Mg <10 -- .- <20 <20
Mn 10 -- -- <20 <20
Mo 100 .- -- <20 <20
Ni €0 -- -- <20 <20
Pb -- .- - <20 <20
Si 100 .- <10 <100 <100
Sn -- - -- <20 <20
Ta - 500 390 1800 <600
Ti 20 .- <lav <150 <180
v -- -- -- <20 <20
w - -- <300 400 <300
Zn i -- -- <20 <20
Zr 100-6000 - - - <600
Others - 100 <20 -- --

(a) Analyses are given in parts per million.



2. Physical Properties
a. Melting point: 4475 F{10)
b. Density: 0.310 lb/in. 3(10)
c. Thermal expansion: Table A-3 and Figure A-1
d. Thermal conductivity: Figures A-2 and A-3

e, Electrical resistivity: Figurcs A-4 through A-6
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Linear Thermal Expansion, A£/9, 10 in. /in.

A-5

TABLE A-3,  THERMAL EXPANSION OF COLUMBIUM(11)
Coefficient of Thermal Expansion(d)
Temperature Average(b) Instant(¢)

c F 10-6/¢ 10-6/F 10-8/¢ 10-6/F

300 570 7,81 4,06 1,38 4.10

490 750 7,39 4,16 Ty 54 4,19

500 930 7,41 4,15 7,61 4,23

600 1110 7,56 4.20 1487 4.37

700 1290 7,64 4.24 8,03 4,46

800 1470 7,72 4.29 8,20 4,55

900 1650 1,80 4,33 8.37 4,85
1000 1830 7,88 4,38 8,52 4.73

(2) Equation for linear thermal expansion: L = Ly [1 + 6. 892 x 1067 + 8,17 10-10T2), T in deg .
(b) Mean values between 20 C (70 F) and temperature indicated.
(c) Instantaneous values at temperature indicated,

Temperature, C

Q 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
24 T T T T T ¥ B L] T
| | I | | [ ] | |
-
20
- /
16 / /
12 //
8 A
4 /
o 1 1 N ] 1 | | ]
(0] 400 800 1200 1600 2000 2400 2800 3200 3600 4000
Temperature, F A-48690

FIGURE A-1.

ROOM TEMPERATURE TO 4000 r(12)

THERMAL EXPANSION OF COLUMBIUM FROM



Thermal Conductivity, Btu/(hr)(fE)F)(FH)
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Temperature, C

THERMAL CONDUCTIVITY OF COLUMBIUM
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FIGURE A-3. THERMAL CONDUCTIVITY OF COLUMBIUM
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Electrical Resistivity, 10~ ohm-cm
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FIGURE A-¢. ELECTRICAL RESISTIVITY OF COLUMBIUM
AT LOW TEMPERATURES!!3

Temperature, F

200 600
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purity columbium (II)T

Resistivity, microhm-cm
n
o
|
|
T :

; ;
I
8

Resistivity, ohms /circular mil foot

~—— O Dota for high-purity
ol | columbium(i5), |
-200 [¢] 200 400 600

Temperature, C  a_assgz

FIGURE A-5. ELECTRICAL RESISTIVITY OF COLUMBIUM
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3.

Mechanical Properties

a.

b.

C.

e,

Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-4 and A-5

Figures A-7 through A-10

Tensile yield strength: Tables A-4 and A-5

Elongation:

Figure A-9

Tables A-4 and A-5
Figures A~7 through A-10

Reduction in area; Table A-~5

Modulus of elasticity: 15 x 106 psi{10)

Effcct of Temperature on Tensile Properties

Ultimate tensile strength: Table A-6

Figures A-11 through A-17

Tensile yield strength: Figure A-11

Elongation:

Table A-6
Figures A-11 and A-12

Reduction in area; Figure A~l1l

Modulus of elasticity; Table A-6

Figure A-17

Notched Tensile Properties

Figures A-18 through A-25

Creep and Stress-Rupture Properties

Tables A-7 and A-8
Figures A-26 through A-28

Other Selected Mechanical Properties

Hardness: Tables A-9 through A-11

Impact:

Fatigue:

Figure A-29
Figures A-30 and A-31

Figure A-32



A-10

TABLE A-J,  TENSILE PROPERTY REQUIREMENTS FOR REACTOR
GRADE AND COMMERCIAL GRADE COLUMBIUM .
PRODUCTS(a)(2-4)

Maximum Maximum Yield Minimum
Tensile Strength (0.2% Elongation in
Aoy PN NY
Cifscyj, 1 Inchi®™,
Giade 1u00 psi 1000 psi per cent
Reactor uh BH] 15
Commercial 85 15 8

(a) Forsuip, sheet, foil, plate, bar, rod, wire, and wbe. Properties
for stress-relieved material (1600 F minimum) tested at 0. 002 to
0. 005 inch per inch per minute through 0.6 per cent offset, and
0.2 to 0. 05 inch per inch per minute to fracture.

(b) Etongation for wube products to be in 2 inches.

TABLE A-5. SOME SELECTED ROOM-TEMPERATURE TENSILE PROPERTIES OF COLUMBIUM

Tensile Yield Strength
Strenyth, (0. 2% Offset), Elongation, Reduction in
Condition 1000 psi 1000 psi per cent Area, per cent Reference
Aunnealed sheet (1 hr 2.8 3701 26 .- (16)
2200 F, 0.020 inch)(a) ’
Cold-worked sheet &U-100 -~ H-15 .- (17
(0. 125 inch)
I3
Annealed sheet Ah-nh .- 15-40 - (17
(0. 125 inch)
Anncaled sheeld®) REY 2n 44 .- (6)
Cold-rolled sheer R4 -- 5 - (18)
(9%, . 004 inch)(©)
Annecaled sheet 19.5 “- 19 -- (18)
(97%, 1/2 hr 2010 F,
0. 004 inch)(€)
Anncaled bar (1 Ir 41.6 28.5 45 -- (18)
2200 F, /8 inch)(1)
As extruded tubing {reduccd 641 6u.2 9 -- €D}
86% a1 800 F)
Wrought material(d) 85 -- 5 .- (10)
Annealed material(49) 40 30 30 80 (10)

(a) Typica! analyses 0.0080% C, >0.0100% N, u.0100% O, and 0.0005% U.

(b) FElectron-bearn melted.  Typical analyses 99.9% Cb, 0.0030% C, 0. 0040% O, 0.0090% N, 0.0015% 1,
0.0500% Ta, and 0.0100% others.

(€) 9.92% Ch.

(d) ©. 0100 to v. 0209% interstitial contaminants.
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TABLE A-6, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF ANNEALED

COLUMBIUM(2D)
Tensile Elongation in Modulus of
Temperature, Strength, 1.256 Inch, Elasticity,
C tsi per cent 107 psi
20 22.1 19,2 15.2

200 23.9 14.2 14.1
300 20,0 13.2 145
400 21.9 13.3 14.6
500 22.0 9.6 14.2
500 20.8 1.5 .-
660 20.8 22.4 -
800 20.1 20.17 -
970 12.3 37.5 -
1050 7.2 42.5 --

t

80 T T T T T T T

8 | Brittle {cleavage) fracture strength

O 60 N Tensile strength

£ 40 D/RM A Yle|ij strength(0.2 % offsef)

g <

o 20 I N — |

n ' vt

o Yield, strength (0.01% offset).

= Reduction in area |

8 8ok ot —n®._gd ) — —

5 Tofgl elongolhon

e 40 < Uniform elongation

W 2 e S

.% ok Vs g AT —w _:}\_ —?

9 -200-00 O 100 200 300 400 500 800 700

Ao

Temperature, C  A-9589%
FIGURE A-11, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF COMMERCIALLY PURE ANNEALED (2 HOURS AT 2190 F)
COLUMBIUM(22)

Test Rate: 360 per cent per hour

Analyses: 0.0114% C, 0.012% N, 0.021% O, <0, 10% Zr,
and 0. 338% Ta

Hardness: 110 DPH

GrainSize: ASTM 1
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TABLE A-7.  CREEP PROPERTIES OF COLUMBIUM (2)(18)
Minimum Total
Creep Duration Creep
Time Reauired for Specified Rate, of Strain,
Temp, Stress, Creep Strain, hours in, /in. /hr Tesr, per
Condition C tsi 0.05% 0.1%  0.2% 0.3% 0.5% 1.0% x 1076 hours cem
Annecaled 1100C 400 4 160 800 - - - -- 0. 44 1819 0,145
Anncaled 1100C 6 115 445 2020 -- - -- 0.58 2700 0.224
Annealed 1100 C 8 20 120 645 - -- -- 9, 86 1603 0. 286
Anncaled 1160 C 8 22 152 608 -- -- 0. 87 1536 0.289
annealed 1100 C 200 4 -- .- -- -- -- -- 0.82 32 0, 037
Anncaled 1160 C 8 90 195 -- - - -- 0.53 1725 0. 171
Anncaled 1160 C 8 88 140 390 - - -- -- 0.24 1870 0.270
Anncaled 11560 C 10 22 59 123 .- .- -- 5.3 338 0, 3456
As rolled 10 -- 10 18 35 400 1295 .- -- --
(V. 6%)
Anncaled 1100 C 600 4 27 110 1470 -- -- -~ 1.6 1325 0.34
Swaged bar 4 b0 160 860 2130 -- -- -- 5519 0, 306
Anncaled 1300 C [ 5 16 3o -- 165 980 2.3 1359 1. 08
As rolled 6 40 130 345 1160 - -- -- - -
Auncaled 1100 C B 16 60 o= b -- -- 0.2 2117 0,188
Swaged bar 100 1 40 290 1560 - .- - .- 2314 0.22
Swaged b 2 80 205 550 1495 .. .- -- 5008 0. 36
Swagc(l bar 3 120 220 &40 1115 -- - - 33835 0.40
Swaged bar 1000 2.8 - -- -- -- -- 24 -- -- --
Swaged bar 5.0 24 -- -- -- .- .- -- -- .-
(a) 99.92+4% Ch.
TABLE A-8. CREEP AND CREEP-RUPTURE BEHAVIOR FOR WROUGHT COLUMBIUM(10)
Stress for 10 Hr-Stress for 100-Hr Stress for 1000-Hr Siress for
Temperature,  Rupture in 0.05% 0.1% 0.2% 0.05% 0.1% 0.2% 0,05% 0,1% 0, 2%
F ti, psi Creep Crecp Creep Rupture Creep Creep Creep Rupture Creep Creep Crecp
150 .- 23,000 40,000 52,000 -- 12,000 20,000 29,000 -- 6,500 9,500 15, 500
930 - 217,000 31,000 33,500 .- 17,800 20,000 23,000 -- 11,500 13,500 16, 000
1290 -- -- -- - -- .- 2,900 3,600  -- -- 2,400 1,700
1600 9000 -- - -- 7300 - - -- 6900 - - --
1800 7000 -- -- - 8500 -- -- -- 6100 -- -- --
2190 5200 -- -- -- 4600 -~ -- - 4000 -- -- --
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TABLE A -5, HARDNESS VARIATION WITH COLD REDUCTION FOR COMMERCIAL
POWDER-METALLURGY COLUAMBIUM(Z1)

Reduction in Hardiess, VHN
Area, Perpendicular to Parallel to
per cent Rolling Direction Rolling Direction
0 84 84
10 104 lud
20 119 114
30 129 119
10 137 123
] 143 128
60 148 133

TABLE A-JU.  [TARDNESS VARIATION WITH COLD REDUCTION FOR COLUMBIUM(P)

Reduction by

Cold Rolling, Hardness, VIIN
per eent Powder Metatlurgy Electron-Beam Melted

0 95 1
20 144 M
40 151 112
60 161 130

80 161 145
90 179 154

TABLE A-11.  HOT HARDNESS OF COMMERCIAL POW DER-METALLURGY
COLUMBIUM{3Y)

Teinperature, C 20 400 bu0 800 10c0 1200

Hardness, kg/mm:3 39 32 73 37 29 21
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Metallurgical Properties

a.

Fabricability: possesses excellent room temperature fabrication characteristics
which are amenable to all conventional fabrication practices and
can be fabricated to large reductious (>95 per cent) without the
need for process annea]ingwo)

— 'O
R}

sl P PR 1Ny
iransition temperature: <-340 F Vi

Weldability: processes capable of excluding interstitial contaminants from the
hot zone are readily adaptable to welding columbium(10); weld
propeities are essentially the same as those of the base metall6)

1aaq

Stress-relief temperature: 1 hour 1380 F(8)
1 hour 1600 F(2-4)
10 to 15 minutes at 1700 to 1800 F(6)

Recrystallization temperature: 1 hour at 2100 w(6)
1 hour at 2200 F(16)

Figures A-33 and A-34
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Identification of Material
a. Designation: many, depending upon individual supplier
b. Chemical Composition: Tables A-12 through A-14

c¢. Forms available: ingot, strip, sheet, foil, plate, bar, rod, wire,
and tube({1-4)

TABLE A-12, CHEMICAL REQUIREMENTS FOR REACTOR-GRADE Cb-1Zt
PRODUCED BY FUSION, POWDER METALLURGY, OR OTHER
SUITABLE MEANS TO PRODUCE CONSOLIDATED MET AL
FOR PROCESSING TO VARIOUS BASIC SHAPES(3)(1-4)

Element Coutent, Maximuin, ppm

C 100

N 300

0] 300

H §n 20

Zr 5| 0.8-1.2% (range)
Fe G 500
Ta ] 1000

Ti 500

Si 300

B _}F 2

w 500
Mo 1000

cd 3 5
Co g 30

Pb 3 50
Mn 2 100

Ni g 200

£

v z 200

Hf 100
Cb, by 98.5% min
difference

a) Fcr ingot, strip, sheet, foil, platc, bar, rod, wire, and tube,
8! P P

i f



TABLE A-13, CHEMICAL REQUIREMENTS FOR Cb~1Zr STARTING INGOT

AND FABRICATED SHAPES AS SUPPLIED BY WAH CHANG(®)

Element Content, Maximum, ppm
Cb 59 98, 5% min
Zr %" s 2| 0.8-1.2% (range}
C 0o _‘E & 100
W c
N g @ 300
o g
0 58 ¢ 300
H L 20
B 1
Ccd 5
Co 30
Hf 100
Fe 500
] . 50
Mn go 100
Mo :O 1000
Ni 5 200
si 5 300
Ta » 1000
Ti 500
W 200
v 200 n
Total rarc earths 100
4
TABLE A-14, CHEMICAL REQUIREMENTS FOR Cb-1Zr FABRICATED
SHAPES AS SUPPLIED BY DU pONT(6)
Content, Maximum, weight per cent
Element (a) - (b)
Zr 0.75 min - 1,25 max 0.75 min ~ 1,25 max
8] 0.0200 0,0200
H 0.0020 0,0020
N 0.0100 0,0100
C 0.0100 0.0050
Cb By difference By difference

(a) Sheet and strip.

(b) Plate, rectangular bar, round bar, and tube hollows.



Physical Properties

a.

b.

Melting point: 4350 F(7,8); 4375 F(5)

Density: 0. 31 1b/in. 3(7,8)

Mechanical Properties

a.

b,

C.

Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-15 through A~18
Tensile yield sirength: Tables A-15 through A-18
Elongation: Tables A-15 through A-18

Reduction in area: Table A-16

Modulus of elasticity: 15 x 106 psi{8); 16 x 106 psi(7)

Effect of Temperaturc on Tensile Properties

Ultimate tensile strength: Table A-19
Tensile yicld strength: Table A-19
Elongation: Table A-19

Modulus of elasticity: average of two tests on recrystallized material(5)

Temperature, Modulus of Elasticity,
. 106 psi
75 11.5
2500 2.7
2700 2.0
3000 0.2

Crecep and Stress-Rupture Properties

Table A-20
Figure A-35
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Other Selected Mechanical Properties

Shear strength: data at room temperature and 1600 F have been determined
for fastener material(10}

Shear Strength,

Typc Diameter, o 1000 psi _
Fastener inch RT 1660 F
Huck rivet 0.125 38.5 32,0

43.5 32.0

Deutsch rivet 0,125 35,0 26.0
' 33.0 —

Du Pont 0.125 27.0 13.0
explosive 26.0 13.0

Rend ductility: for sheet matcrial bent over a ¢T bend radius, 180 degrees,
at a ram speed of 13 inches per minute(5)

Pend Results(@)
Condition 5T -100 F

As rolled NF, NF, NF ¥, NF, NF

Stress relieved 1 hr 1650 P¥, NF, NF P, NF, NI

Recrystallized 1 hr 2200 F NF, NI, NF NIF, NF¥F, NF
(a) NF = no fracwure

PF = partial fracture
F = fracwre,

Impact: Table A~21



TABLE A-16,

TABLE A-15, TENSILE-PROPERTY REQUIREMENTS FOR REACTOR GRADE Cb-1Z¢
PRODUCTS(3)(2-4)

Maximum Yield

Maximum Tensile Strength (0.2% Minimum Elongation
Suength, 1000 psi Offset), 1000 psi in 1 Inch(P), per cem
% 60 10

(a) For strip, sheet, foil, plate, bar, rod, wire, and tbe, Properties for stress-relieved
material (1600 F minimum) tested at 0,002 to 0,005 inch per inch per minute through
0.6 per cent offsct, and 0.02 to 0,05 inch per inch per minutc to fracture.

(b) Elongation for tube products to be in 2 inches.

ROOM- TEMPERATURE TENSILE PROPERTIES FOR Cb-1Zr FABRICATED SHAPES IN THE RECRYST ALLIZED

CONDITIONX6)
Tensile Yield strength
Strength, (0.2% Offser), Elongation, Reduction in
Comments 1000 psi 100G psi per ceng Area, per cent
shect and suip(®)
0.006 in, to 0,020 in., 3b 20 12 (2 ine) -
min, values
Over 0,020 in, to 0.187 in,, ifucl,, 35 20 15 (2 in.) -
min, valucs
Plate and Rectangular ﬁg{(c)
Typical average 30 15 25 (2 in. or 4D) --
Probable minimum 25 12 15 (2 in. or 4D) --
Round Bar(®)
Typical average 35 20 45 (4D) 85
Probable mninimum 30 16 25 (4D} 50

(a) Test rate 0,005 + 0.002 inch per inch per minute through 0.6 per cent offser, then 0,05 + 0.02 inch per inch per minute

to failure,

(b) Typical analyses 0.756 min ~ 1,25 max % Zr, 0,0200% O, 0.0020% H, 0.0100% N, and 0.0100% C.
(c) Typical analyses 0.756 min - 1.25 max % Zr, 0.02009% O, 0.0020% H, 0,0100% N, and 9.0050% C.



TABLE A-17, SOME SELECTED ROCM-TEMPERATURE TENSILE PROPERTIES OF Cb=1Zr SHEET

Tensile Yield Strength
Strength, (0. %% Offset), Elongation,
Conditio.. 1000 psi 1000 psi per cent Reterence
Annealed sheet (1 hr 2200 F, 50 40 12 (8)
0.,040-inch)t®)
Annealed sheet(P) 45 30 25 (m
Recrystallized sheet(€) 48.1 35.4 15 (5)

(a) Typical analyses 1% Zr, 0,0100% C, 0.0250% O, <0.0100% N, and 0.0015% H,
(b} Election-beam melted. Typical analyses 98.%% Cb, 0.5-1.0% Zr, 0.0050% C,

0,0150% O, 0.0100% N, 0,0005% H, 0.0500% Ta, and 0.0150% others,
(¢) Typical analyses 88.5% min Cb, 0.8-1.2% Zt, <0.0100% C, <0,0300% N, <0,0300% O,

and <0.0020% H.

TABLE A- 18, ROOM-TEMPERATURE TENSILE PROPERTIES OF Gb-1Zr TUBING(™(®)

Tensile Yield
Strength, Strength, Elongation in
Condition Size, inch 1000 psi 1000 psi 1 Inch, per cent

Stress relicved 1 hr 1800 F 1.103 OD x 0,052 wall 55.4 40,8 26.6
56.1 12,1 22,5
Recrysiallized 1 hr 2200 F 1.560D x 0.066 wall 35.8 26,9 30.5
35.8 23.0 33.0
40,7 24,1 44,0
40,6 23.17 40.5
0,263 OD x 0,066 wall 38.1 23.0 41.5
38.4 23.6 41.5
0.676 OD x 0.121 wall 39.3 21.1 59,0
40.0 22,4 62.5

(a) Typical analyses 98.5% min Cb, 0.8-1.2% Zr, <0,0100% C, <0,0300% N, <0.0300% O, and

<0.0020% H.



TABLE A-19, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
RECRYSTALLIZED Cb-122)5)
Tensile Yield Strength
Temperature, Suength, (0.2% Offset), Elcngation in
¥ 1000 psi 1000 psi 1 Inch, per cent

15 48.0 37.1 15
47.5 33.17 15
2000 22.9 21.4 12
22,8 20,0 15
2500 8.65 1.0 >50
8.16 6.24 >4
2700 .Y 4,86 >4
6.16 5.0 >40
3000 2.9 2.34 >48
3.417 2.04 >35

(3) Typical analyses 98,5% min Ch, 0.8-1.%% Zt, <0.0100% C, <0,0300% N,

<0,0300% O, and <0.0020% H.



TABLE A-20, CREEP AND STRESS-RUPTURE DATA FOR WORKED AND ANNEALED ¢ b-1Zr TESTED IN ARGON(ﬁ)

Primary
Stress, Creep Miniimum Rupture
Cold Work, Temperatute, 1000 Strain, Creep Rate, Time, Elongation, Reduction in
_per cent Condition F psi per cent in, /in, /hr hours per cent Area, per cent
20 As worked 1800 15.0 2,0 2,0 x 1073 52 26 61
40 As worked 17.5 1.0 1,2x 1072 10 21 7
60 As worked 17,5 7.5 4.8x 1073 24 18 60
20 As worked 1800 12,5 1.9 3,0x10°6  1001(3) 0.6 0.6
40 As worked 12.5 1.4 4,0 1076 1018(3) 0.6 1.5
60 As worked 12.5 1.6 1.7x 105 1000(®) 1.2 1.5
80 As worked 12.5 3.9 2,4x 1078 1032(8) 1.6 1.5
20 At worked 2000 10,0 1.5 1.4 x 1073 143 42 67
40 As worked 10,0 2,0 5.8x 1073 33 42 74
60 As worked 10,6 9.0 8.6 x 10-3 217 419 71
80 As worked 10,0 3.0 7.0x 1073 30 40 71
20 Annealed(P) 1600 25,0 .6 2.5 x 1074 57 7 53
40 Anncated 25,0 0.9 8.0 x 1074 28 6 55
95 Annealed 25,0 5.0 1,0 x 1073 49 19 71
20 Anncaled 1800 15.0 2.5 8.0 x 1074 216 19 75
40 Anncaled 16.0 0.5 1.5x 1073 0 31 62
60 Anncaled 16.0 2.0 2.7 x 1074 185 15 65
80 Anncaled 16.0 -- 1.1x 1072 14 28 77
95 Annealed 15.0 0.5 2,2 x 1073 20 13 66
20 Anncaled 1800 12.5 1.3 3.5 x 1076 1004(3) 0.6 1.3
40 Annealed 12.5 .1 5.3x10°6  1015(1) 0.7 1.5
60 Amnealed 12.5 1.0 2,1x10°5  1196(2) 1.6 1.8
80 Annealed 12,5 2.4 1.1 x 1078 1004(8) 1.9 3.7
20 Aenealed 2000 10.0 0.9 1.3x 103 130 21 70
40 Annealed 10.0 2.5 2.9 x 1074 37 45 5
60 Annealed 10.0 1,0 1.6 x 1073 63 17 73
95 Annealed 10.0 1.0 1.3 x 1074 4 30 73

/a) Discontinued prior to failurc.

) 1

hour at 2190 F.
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TABLE A-21.  CHARPY IMPACT DATA FOR Cb-1zr{2)5)

- Temperature, Rupture Strcngv.h(b).
Condition F ft-1b
As rolled % 156 NF
-100 133 PF
Stress relieved 1 hr 1650 F ki 129 NF
=100 126 NF
Recrystallized 1 hr 2200 F % 128 NF
-100 121 NF
Notched

As rotled () >60 pr(c)
~100 69 PF
Stress relieved 1 hr 1660 F 1% 119 PF
~100 95 P¥
Recrystallized 1 hr 2200 F 15 93 PF
-100 116 NF

(a) Typical analyses 98.5% min Cb, 0.8~1.2% Zr, <2.£100% C, <0.0300% N, <0.0300% O,
and <0.0020% H.,

{b) NF = no fracture
PF = partial fracture,

(¢) Specimen stopped hammer, 60 ft-1b range.
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Metallurgical Properties

a.

b.

Fabricability: ingots are forged at 1200 to 1800 F to at least 50 per cent
reduction to develop optimum properties; conditioned and
annealed sheet bars are generally rolled at breakdown tem-
peratures of 400 to 600 F; final rolling up to 80 per cent is
possible at room temperature(7)

Weldability: both electron-beam and inert-gas fusion welding can be satis-
factorily used; high-purity atmosphercs are mandatory to prevent
embrittlement of the materiall7); weld ductility is about the same
as that of the base metall5)

Stress-relief temperature: 1 hour at 1650 to 1800 F(5); 1 hour at 2100 F(7)

Recrystallization temperature: 1 hour at 2200 F(5,8); 1 hour at 2250 ¥(7)



(3)

(4)

{5)

(6)

(7

(8)
(9

(10)
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Cb-5Zr

Identification of Material
a. Decsignation: D-14 (Du Pont)
b. Chemical composition: Table A-22

c. Forms available: sheet, strip, plate, bar, and tube hollows(1,2)

TABLE A-22, CHEMICAL REQUIREMENTS FOR D-14 FABRICATED SHAPEs(Y)

Content, Maximum, weight per cent

Element (a) (b)
Lt 4.4 min - 5.6 max 4.4 min ~ 5.6 max
6] 0.0400 0.0300
H 0.0020 0.0020
N 0.0100 0,0100
C 0,G100 0.0100
Cb By difference By differcnce

(a) Sheer, strip, plate, rectangular bar, and round bar,
(b) Tubc hollows,



2. Physical Propertics

a. Melting point: 3950 F(2)

b. Density: 0. 310 lb/in, 3(2)

c. Thermal expansi

on: Figure A-36
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Mechanical Properties

a. Tensile Properties at Room Temperatﬁre
Ultimate tensile strength: Table A-23
Tensile yield strength: Table A-23
Elongation: Table A-23
Reduction in Area: Table A-23
Modulus of elasticity: 13.7 x 106 psi(‘”

b, Effect of Temperature on Tensile Properties

Ultimate tensile strength: Table A~24
Figure A-37

Elongation: Table A-24
Figure A-37

Modulus of elasticity: decreases linearly with temperature from a

value of 13,7 x 100 psi at room temperature
to a value of 12,1 x 106 psi at 1600 F(2)

C, Creep and Stress- Rupture Properties

Figure A-38



TABLE A-23, ROOM-TEMPERATURE TENSILE PROPERTIES FOR D-14 FABRICATED SHAPES(2)(1)

Tensile Yield Strength
Suengti, (0. ¥ Oiiser), Eiusp.ation, Reducrtion in
Comments 1000 psi 1200 psi pui cent Area, per cent

Sheet and Strin(b)
0.006-in. to 0.020-in., incl., 556 45 10 (2 in.}) --

min. values

Over 0.020~-in. to 0,187~in,, 55 45 12 (2 in.) --
incl., min. values

Plate and Rectangular Bar(©)

Typical average 61 53 20 (2-in. or 4D) --

Probable minimum 50 45 12 (2-in, or 4D) ==
Round Bar(¢)

Typical average 61 63 45 (4D) 85

Probable minimum 50 45 26 (4D) 50

(a) Test ratc 0,005 + 0,002 inch per inch per minute through 0.6 per cent offset, then 0.05 £ 0,02 inch per inch per minute to
failure, Typical analyses 4.4 ~ 5,0 Zr, <0,0400% O, <0,0020% H, <0,0100% N, and <0,0100% C.

(b) Stress relieved 1 hourat 1950 F.

(c) Recrystallized condition.

TABLE A-24. MINIMUM TENSILE-PROPERTY REQUIRE-
MENTS FOR D-14 STRESS-RELIEVED SIIEET
AT 2200 F(a)1)

Tensile Yield Strength

Strength, (0.2 Offser), Elongation in

1000 psi 1000 psi 1 Inch, per cent
15 10 10

(a) Suress relieved 1 hour 1950 F, 0,006 inch to 0.187 inch,
inclusive. Test rate 0,05 & 0,02 inch per inch per
minute. Typical analyses 4.4 - 5.6% Zr, <0.0400% O,
<0,0020% H, <0,0100% N, and <0,0i00% C.
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Metallurgical Properties

a.

Fabricability: readily fabricated from arc melted ingot using
primary breakdown extrusion or forging and
subsequent standard conversion to mill shapes(z)

Transition temnerature: <RT( 1,2)

Weldability: fusion and resistance weldable by all standard processes
including hand TIG welding: in the as-welded condition,
fusion welds in sheet can be bent to greater than 2T,
provided adequate protection from the atmosphere is
maintained during welding(z)

Stress-relief temperature: 1 hour at 1950 r(1)



(1)

(2)
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1 Identification of Material
a, Designation: B-33 (Westinghouse)
b. Chemical composition: typical analyses are i. licated below (1
Composition, wcight pcr cent
Element Range _Nominal
\ 4.5~ 5.5 5.0
Q 0.030 max 0.012
N 0. 020 max 0.006
C 0.020 max 0.006
Cb Remainder Remainder
c. Forms available: plate, sheect, strip, foil, bar, wire, tubing, forgings,
and extrusions(l)
2. Physical Propcrtices
a. Melting point: 4310 ¥(1)
b. Density: 0,306 Ib/in, 3(1)
¢. Thermal expansion: Table A-25
d. Electrical resistivity: 21, 8 microhm-cm at RT'; 6. 64 microhm-cm

at -320 w(1)

TABLE A-25, COEFFICIENT OF THERMAL EXPANSION OF B-33(1)

Tempeiature, Cocfficient of Thennal Expansion

C F 108 In. /in. /C 10°C m, /In, F
25-250 80-500 1.47 4.15
256-540 80-1000 1. 64 4,24
25-815 80-1500 8.06 4,48
25-1095 80-2000 8. 44 4.71

20 1365 80-2500 8.90 4.94




Mechanical Properties

a. Tensile Properties at Room Temperature
Ultimate tensile strength: Table A-26
Tcnsile yield strength: Table A-26
Elongation: Table A-26
Modulus of clasticity: 15,8 x 106 psi{1)

b. Effect of Temperature on Tensile Properties
Ultimate tensile strength: Tables A-27 and A-28
Tensile yield strength: Tables A-27 and A-28
Elongation: Tables A-27 and A-28
Modulus of elasticity: 15.0 x 106 psi at 2000 F{1)

c. Creep and Stress-Rupture Propertics

Figurcs A-39 and A-40

d. Other Selected Mcchanical Properties

Hardness: for various conditions sce below(l)

Vickers, Rockwell
Condition DPH B C
As rolled 260 - 23
Stress relieved 1 hr 1850 F 200 85 -
Recrystallized 1 hr 2000 F 180 80 -
Bend ductility: for annealed (1 hour 2000 F) sheetfl)
Temperature, Minimum Bend Radius,
¥ T
80 0-1
- 100 1
~-200 1
1

~-320
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TABLE A-26. ROOM-TEMPERATURE TENSILE PROPERTIES OF B-33(3X1)

Tenslle Yield Strength
Suzngth, (0.2 Offset), Elongation,

Condition 1000 psi 1000 psi per cent
As rolled, 90% 128.0 114,5 6
Strese-relieved 1 hr 1260 F 82.5 62.6 28
Recrystallized 1 hr 2000 F 11.6 54.0 32

(a) ‘Test rate 0,005 inch per inch per minute. Nominal analyses 5.0V,
0.012% O, 0.006% N, and 0.006% C.

TABLE A-27, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
RECRYSTALLIZED 8-33(1)

asile Yield Strength
Temperature, Strength, (0.%% Offser), Elongatlon,
F 1000 psi 1000 psi 1 Inch, per cent
Recrystallized 1 Hour at 2000 F(&)

-320 132.0 112.5 33
-160 91,17 T4.2 23
% 1.6 54,0 32
300 67.8 48,17 21
800 63.0 39,2 20
800 63,4 39.4 18
2000 30.17 29.2 57
2200 20.1 18.8 41
2400 13.1 13.0 55
2500 12.8 10,8 95

Rectystallized 1 Hour at 2500 F(b)

2000 39.2 31.5 12
2200 32,1 27.6 20
2400 24.0 22.7 30
2600 17.6 11.8 30
2800 14.4 13.8 20

{a) Test rate 0.005 Inch per fnch per minute, Nominal analyses 5. 0% ¥,
0,012% O, 0.00% N, and 0,006 C,
{b) Test ratc 0.24 inch per inch per minute,

TABLE A-28. HIGH-TEMPERATURFE TENSILE PROPERTIES OF B-33 SHEET
(0. 060 INCH)(a)(2}

Tensile Yield Strength
Temperature, Strength, (0.2% Offsct), Elongation in
F 1000 psi 1000 psi 2 Inches, per cemt

2750 11,05 8.3 34
11.45 8.22 21

3100 6.89 4.18 32
5.59 4,03 31

3400 3.37 2.205 28
3.29 2.4 24

(a) Test rate 0,003 to 0,007 inch per inch per minute.
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Metallurgical Properties

a. Fabricability: highly formable alloy which can be punched, blanked,
or sheared at room temperature without edge cracking;
operations such as bending, brake forming, drawing,
and spinning can be performed at room temperature,
aithough they can be accomplishivd with grealer ease -
slightly elevated temperatures{l!

b. ‘'ransition temperature: <-320 r(b

c. Weldability: the TIG welding process can readily be adapted to form
weld joints with essentially the same low-temperature
ductility as the basc metal; similar results can also be
obtained by welding in air using a weld follower with
porous bronze diffuser and gas back-up to shield the
weld during heating and cooling(l)

d. Stress-relief temperature: 1 hour at 1850 wil)

e. Recrystallization temperature: 1 hour at 2000 F for material cold
worked 80 to 90 per cent(1)



{1

(2)
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Cb~10H{-1Ti-0.5Zr

Identification of Material

a. Designation: C-103 (Wah Chang)

b Chemical compositioc 77, pical analyses of arc-cast materiaiil!}
Element Weight Per Cent

11f 9-11

Ti 0,7-1.3
Zr <0.7

(0] <0.0300
N <0.0300
H <0.0020
C <0.0100
Cb Balance

¢, Forms available: ingot and most mill products(l)

Physical Properties

a. Density: 0.321b/in,3

Mechanical Propcerties

a, Tensile Propertics at Room Temperature
Ultimatc tensile strength: Table A-29
Tensile yield strength: Table A-29
Elongation: Table A-29
Modulus of elasticity: 12.6 x 106 psi(l)

b. Effcct of Temperature on Tensile Properties
Ultimate tensile strength: Table A-30
Tensile yield strength: Table A-30
Elongation: Tahle A-30

Modulus of elasticity: average values from 5 tensile tests{l)

Tempevature, Modulus of Elasticity,
¥ 106 psi
RT 12.6
2500

6.3
2700 3.6
3000 1.5
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¢, Other Sclected Mechanical Properties

3end ductility: for various conditions at room temiperaturell)

Condition Bend Ductility
As cold rolled 120 degree 1 T
Stress relieved 1 hr 1600 F 120 degree 1/2 T
Ri .oy oiwnized . hr 2200 F 120 degree 1/2 1
Re.:rys.aaized | hr 2800 F 120 degree 1/2 T

Impact: charpy notched impact data on as-rolled material{l)

Temperature, Impact Fracture Strength,
r ft-1b
RT 148,159

-100 79, 82



TABLE A-29, ROOM-TEMPERATURE TENSILE PROPERTIES OF ARC~CAST C-103 SHEET(3(D)
Sheet Tensile Yield Strength Elongation in

Thickiess, Strength, 0. 2% Offsey), 1 Inch,

Condition inch 1000 psi 1000 psi pet cent

Cold rolled 0.030 105.2 (L) 36.6 (1) 4.5M)

107.7(T) 93. 6 (T) 4(T)

Stress relieved 1 hr 1600 F 0.040 93.5 88.0 9
Recrystallized 1 hr 2400 F 0.030 58.8 50.4 26

(a) Typical analyses 9-11% Hf, 0.7-1.3% Ti, <0.% Zr, 0.0300% O, <0.0300% N, <0.0020% H,

<0.0100% C, bal Cb.

TABLE A-30. EFFECT OF TEMPERATURE ON TIIE TENSILE PROPERTIES OF
ARG-CAST G-103 SHEET(®(D
_ Tensile Yield Swength Elongation in
Temperature, strength, (0. 2% Offsct), 1 Inch,
F Direction 1000 psi 1000 psi per cent
Cold Rolled, 0,030 Inch
RT L 105.2 96.6 4.5
107.7 93.6
2000 L 34,2 £3.5 39
T 31.0 26.9 35
2500 L 12.9 1.8 817
T 13.0 11.4 80
Stress Relieved 1 Hour at 1600 F, 0.040 Inch
RT L 93.5 88.0 9
2000 L 26.4 18.2 63
2500 L 11.65 10. 65 >15
2700 L 8.1 7.3 >13
Recrystallized 1 Hour at 2400 F, 0,030 Inch
RT L 58,8 50.4 26
2000 L 27.3 18.4 45
2500 L 12.0 10.3 >70
2700 L 9.8 8.6 >0
3000 L 5.0 4.2 >10
(a) Typical analyses 9-11% Hf, 0. 7-1,3% Ti, <0.7% Zr, 0.0300% O, 0,0300% N,

<0,0020% H, <0.0100% C, bal Cb,



Metallurgical Properties

a.,

Fabricability: arc-melted ingot can readily be extruded to sheet bar at
elevated temperatures; following a recrystallization anneal
material is rolled at 800 F to about 0,1 inch, then rolled at
room temperature to final sizell)

Transition temperature: <-320 F for strega-relieved {1 " . : 1600 F)

Weldability: can readily be welded by TIG welding techniques; weld metal
ductility duplicates base metal ductility for both longitudinal and
transverse samples at room temperature(l)

Stress-relief temperature: 1 hour at 1600 F(]‘)

Recrystallization temperature: for sheet (0. 030 inch) material exposed 1 hour
at indicated temperature(l)

Temperature, Recrystallization,
F per cent
1600 0
1900 50

2200 100, ASTM 7



A-69 and A-70

Reference

(1) "Columbium and Tantalum Base Alloys For Structural and Nuclear Application",
Wah Chang Corp., Vol 1, Rev, 2 {1962),
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Cb-10Ta-10W

1. Identification of Material
a. Designation: S5Cb-291 (Stauffer)
b. Chemical composiuun: tyoicr .nalyses of electron-beam-melted material(l)
Element Weight Per Cent
80

Cb

Ta 9-11
w 9-11
O
N
C

0.0090
0.0100
0,0060
¢. Forms available; ingot, billet, bar, plate, sheet, foil, and tubell)
2, Physical Properties
a. Melting point: 4710 rl)

b. Density: 0,347 lb/in, 3(2)

Mechanical Properties

w

a, Tensile Propertics at Room Temperaturc
Ultimatc tensile strength: Tables A-3]1 and A-32
Tensile yield strength: Tables A-31 and A-32
Elongation: Tables A-3] and A-32
Reduction in area: Table A-31

b. Effcct of Temperature on Tensile Properties
Ultimate tensile strength: Tables A-33 and A-34
‘I'ensile yield strength: Tables A-33 and A-34
Elongation: Tables A~33 and A-34

¢, Creep and Stress-Rupture Properties

Table A-35
Figure A-41
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d. Other Selected Mechanical Properties

Hardness: for various forms(l)

Hardness,
Form Rg;
—l-‘;orged bar 70
As-rolled cheet 80

Annealed sheet 64



TABLE A<31. TYPICAL ROOM-TEMPERATURE TENSILE PROPERTIES OF ELECTRON -BEAM ~MELTED 5Cb-291(3)(1)

Property Forged Bar Annealed Bar As-Rolled Sheet Annealed Sheet
Tensilc Strength, 1000 psi b 66 120 88
Yield Strength (0. 2% Offset), 1000 psi 56 51 - 14
Elongation in 2 Inches, per ceit 31 20 8 22
Reduction in Area, pec cent 18 93 - --

(a) Typical analyses 80% Cb, 9~11% Ta, 9-11% W, 0.0090% O, 0.0100% N, and 0.0060% C.

TABLE A-32. ROOM-TEMPERATURE TENSILE PROPFRTIES OF SCb~291 REROLL STOCK AND FINISHED FOIL(H(3)

Tensile Yicld Strength Elongation in
Coil Reerystallization, ASTM Test Strength, (0.2% Gfiser), 2 Inches,
Identification Gage, inch per cent Grain Size Direction 1000 psi 1000 psi per cent
Reroll Foll Stock
291-1, -2 0.030 100 G. 5 L G4, 1 52,2 28.5
T G6.9 63.5 29.0
Finished Foil

201-1 0.006 100 8.5 L 68, 9 57.0 26,5
T 72,0 60,1 21,0
291-2 0,006 100 7.5 L 6Y. 1 51.9 19.6
68. 6 61.2 18.0

(a) Testrate 0.0C5 inchh per fuch per minute to 0,2 per cent yicld, and then 0,05 inch per inch per minute to failure.

Analyses are as follows:

o Analyses
Weight,
Coil per cent PPM
Identification  Gage, inch W Ta O N C H
2ut-1,-2 0.030 10.3 10,1 <50 16 170 <b
Flaished Foil
291-1 0,008 -- - 95 46 90 <

241-2 0,606 -- - 100 50 95 <5



TABLE A-33. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
ANNEALED ELECTRON-BEAM-MELTED §Cb-291 SHEET(a)2)

Tensile Yieid strength Elongation in
Temmperature, Strength, (0. 2% Offset), 2 Inches, Numiber of

F 1000 psi 1000 pst per cent Tests
RT 18 60 25 -

800 60 50 22 8
1000 52 40 23 2
1200 48 31 22 --
1600 435 35 20 --
1800 39 30 22 8
2000 32 24 24 5
2200 27 20 22 1
2400 21 15 25 6
2500 18 13 24 9
2600 16 11 24 4
2800 12 8.5 22 14
3000 10 1 23 15
3200 8 6 24 1
3400 6.6 4.8 25 4

(a) Typical analyses 80% Cb, 9~11% T'a, 9-11% W, 0.0090% O, 0,0100% N,
and 0. 0060% C.

TABLE A-54. HIGI TEMPERATURE TENSILE PROPERTIES OF
ELECTRON -BEAM-MELTED SCh-201
SHEET (0. 060 INGH)(D(4D)

Tensile Yield Strength Elongation in

Tempetature, Strength, (0. 2% Offset, 2 Inches,

F 1000 psi 1000 psi per cent
2800 11.99 8.3 21.56
3100 9.03 6.34 24.0
8.1 6.07 23.5
3400 6.57 4.72 25.0
6.48 4.87 25,56

(a) Test rate 0.003 to 0,007 inch per inch per minute.



STUESS -RUPT URE PROPERTIES OF COLD -ROLLED
ELECTRON -BFAM-MELTED SCbh-291 SHEET((D)

TABLE A-35.

Stress, 1000 psi Time to Rupture. hours

Tempetature, F

2730 1.8 2.5
2970 5.0 2.4
3200 3.8 2.1

(a) Typical analyses 80% Cb, 9-11% Ta, 9-11% W, 0,0090% O,
0.0100% N, and 0,0060% C.
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FIGURE A-41.

TIME FOR 0.2 PER CENT CREEP AT VARIOUS STRESS

LEVELS FOR ELECTRON-BEAM MELTED SCh-291(4)



Metallurgical Properties

a. Fabricability: ingots are heated to 2200 F for forging; after 25 to 30 per cent
reduction, forging temperatures may be reduced to 1700 to
2000 F; forged sheet bars are rolled to intermediate thickness
at 500 to 700 F; finish rolling reductions of 60 to 70 per cent

ttainable at room temperature =/

b. Transition temperature: -30 F Charpy V-notch impact transition(!)

c. Weldability: electron-beam-welding produces welds that can be bent 180
degress without cracking; shielded-arc inert-gas welding allows
welds approaching the guality of electron-beam welds, depending
upon the purity of the welding atmeosphere (1)

d. Stress-relief temperature: 1/2 to 1 hour at 1800 F(1)

e. Recrystallization temperature: 1 hour at 2100 to 2200 Fil)



(1)

(2)

(3)

(4)

A-77 and A-138

References

"SCb~-291 Electron Beam Columbium Alloy', Stauffer Metals Division Data Sheet
(February, 1962).

“SCb-291, Cb~100a-10W, FPragresz Report!, Stauffer Metale Divigon Data Sheet

(January, 1963).

Personal communication with G. P. Trost, Metals and Controls Inc,, regarding
"Development of Optimum Processing Paramelers for Refractory Metal Foil, "
Contract No., AF 33(657)-9384 (June, 1963).

Moorhead, P, E., "Tensile and Creep Properties of Columbium, Tantalum, and
Titanium Alloys at Elevated Temperatures', Bell Aerosystems Co,,
BLR 62-26 (M) {(December, 1962),
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Cb-28Ta~10W-12Zr

Iuentification of Material
a, Designation: FS-85 (Fansteel)
b, Checmical composition: see below!!/

Weight Per Cent

Element Minimum Maximum
Ta 26 29
W 10 12
Zr 0.6 1.1
C - 0.0100
O - 0.0300
N - 0.0150
H - 0.0010
Fe -- 0,0100
Si - 0.0100
Cb Balance

c, Forms available: ingot, plate, sheet, strip, (oil, rod, wire, welded tubing,
and fabricated parts(l)

Physical Propcrties

a., Melting point: 4695 Fil)

b. Density: 0,383 Ib/in, 3(1)

c. Thermal expansion: Figure A-42

d, Thermal conductivity: see belaw(l)

Temperature, Thermal Conductivity,
C cal/(cm2)(sec)(C/cm)
150 0.09
205 0.09
260 0.10

315 0,10
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3. Mecchanical Properties

a, Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A~36 through A-38
Tensile yield strength: Tables A~36.through A-38
Elongation: Tables A-36 through A-~38
Reduction in area: Table A~36
Modulus of elasticity: 20 x 106 psi( 1)

b, Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-39 and A-40
Figure A-43

Tensile yield strength: Tables A-39 and A-40
Figure A-43

Elongation; Tables A-39 and A-40
Figure A-43

Reduction in area: Tablec A-39

Modulus of elasticity: sce below(3)
Temperature, Modulus of Elasticity,
i 106 psi
RT 20
1800 18
2000 18
2200 16
2800 15
2900 12
3000 12

c. Notched tensile properties: for edge-notched sheet (0. 040 inch)((’)

Notch Net Fracture Length of Shear Fracture

Radius, Strength, Rapid Crack, in Area of Rapid

Condition inch 1000 psi inch Crack, per cent
Stress relieved  0.00087 68.7 0 100
Recrystallized 0.0013 53.3 0 100

d, Crecp and Stress-Rupture Data
Table A-41
e. Other Selected Mechanical Properties

Bend ductility: Table A-42
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TABLE A-36. ROOM-TEMPERATURE TENSILE PROPERTIES OF F§-85 SIEET (0.030 INCH)(#)?)

Tensile Yield Swength Elongation Reduction

Strength, (0. 2% Offser), tn 1 Inch, in Area,

Condition 1000 psi 1000 psi per cent pet cent
Stress relieved, as received 119. 4 109.5 10.5 42.9
120. 4 106.8 11.0 47.6
120.5 i04.8 iL.0 42.8
Recrystallized 1 hur 2300 F 86.9 69.5 21, % 46.17
B5.3 69,2 22.0 54.0
85.6 63.4 23.0 54.1
Recrystallized and Cr=-Ti-Sl coated 84,2 68.4 18.¢ 32.8
83.8 68.6 17.6 32.5
80.4 65,7 18.0 25,1

(a) Test rate 0.020 Inch per inch per minute. Analyses 27.92% Ta, 10,0% W, 0.98% Zr,
0.0150% O, 0.0020% N, and 0,0250% C.

TABLE A-07. ROOM TEMPERATURE TENSILE PROPERTIES OF
rs -85 SHECT(AND

Tensile Yield strength Elongation
Strength, 0. 2% Offser), in 2 Inches,
Condition 1000 psi 1000 osi per cent

50 Per Cent Cold Worked, 0,040 fuch

Stress relieved 1 hr 1830 F 105.0 95. 4 14

94. 1 Per Cent Cold Worked, 0,063 Inch

As vrorked 130.0 .- 1.0
128.0 119.0 6.0
Stress relfeved ( hy 1830 F 109.0 97.6 14

Recrystallized 1 hy 1830 F 8.9 66,4 33

(2) Test rate 0, 05 inch per minute crosshead speed. Analyscs 60, 54% Ch,
27,12% Ta, 11.8% W, 0.53% Zr, 0.005% C, 0, 002% O, and 0, 003% N.

TABLE A-38. EFFECT OF TEST DIRECTION ON THE ROOM-TEMPERATURE
TENSILE PROPERTIES OF FS-85 SHEET(4)

Tensile Yield Srength Flongation
Test Strength, (0. 2% Offser), in 1 Inch,
Direction 1000 psi 1000 psi per cent
L 95,5 76,5 25,5
94.0 7.7 24,5
94.v 80.0 25,5
T 95,0 19.5 18.0
86.40 69.0 20.0

99,0 80.0 21,5




TABLE A-39. TENSILE PROPERTIES OF RECRYSTALLIZED FS-85 SHEET (0. 030 INCH)
-
FROM ROOM TEMPERATURE TO 2600 F(2)(2)

Tensile Yicld Strength Elongation Reduction
‘Tcmperature, Strength, (0. 2% Offser), in 1 Inch, in Area,
F 1000 psi 1000 psi per cent per cent
RT 86.9 65.5 21.5 46,7
85.3 69.2 22.0 54,0
85.6 69.4 23.0 54,17
400 68.0 53.1 21.2 81,9
68.0 52.0 20.17 1.5
800 83.3 38.8 11.% 77.8
a4, 9 40.9 19.7 92,2
1200 63.1 46.0 15.3 81,2
61.8 39.1 13.2 1.3
1600 51.8 32.4 17,7 94.7
53.0 35,3 15.9 64.1
1800 45,0 30.0 17.1 TL.5
44.8 34,6 16,1 12.0
2000 36.0 20.5 28,8 13.3
36,4 20,4 24.8 71.8
2300 26.2 21.5 39,1 89.2
24,9 22,0 33.8 86. 4
2500 17,4 16.3 50,4 96,1
16,5 16,6 81,3 92.5
2600 4,7 14.3 8.1 96.17
14,5 14,1 80.2 91. 6

(a) Recrystallized 1 hour at 2300 I, Test rate 0.020 inch per inch per minute,
Analyses 21,92% Ta, 10.0% W, 0.98% Zr, 0.0150% O, 0.0020% N, and 0.0250% C.

TABLE A-40, HIGH-TEMPERATURE TENSILE PROPERTIES OF FS-85
STRESS -RELIEVED SHEET(D

Tensile Yield Strength Elongation
‘Temperature, Strength, (0. 2% Offser), in 2 Inches,
F 1000 psi 1000 psi per cent
3000 10.7 10.4 <80
3200 8.6 8.3 <80
3500 6.2 5.8 <80
3970 2.9 2.9 99
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Nominal composition 26-29% Ta, 10-12% W, 0.6-1.1% Zx,
<0.0100% C, <0.0300% O,
<0.0150% N, and <0.0010% H.



TABLE A-41. CREEP AND STRESS-RUPTURE DATA FOR

Fs =85 SHEET(S)

Temperature,
F

Secondary Creep Rupture
Stress, Rate, Time,
1000 psi in./in, /he hours

2000

2200

2400

2600

1800

2000

2200

2400

2600

50 Per Cent Cold Worked, 0.040 Inch

11 3.21x 10':; >158
19.8 1.71x 10 --
20 3.63x 1074 -
27 6.06 x 1073
10 8,45 x 1074 .-
12 1,19 x 1073 --
14 2,46 x 1073 -
16 5,25 x 10-3 -~
18 1.06 x 1072 --
19 132 x 1074 10.42
20 2,20 x 1072 --
13 .85 x 1072 RIGH
10 .88 x 1072 9,29

94. 1 Per Cent Cold Worked, 0.063 Inch

35 9.30 x 1072 6,51
20 4,62 x 1073 23.18
27 - 2.33
19 5.13 x 1072 2.72
13 3.99x 107 4,93
13 3.24 x 10-2 6.12
19(a) - 11,21
10 4.14 x 1072 >4,7

10(® 3.45 x 1072 5,01

(a) Annealed 1 hour at 2400 F.



g
co
o~

TABLE A-42,  BEND-DUCTILITY DATA FOR F$-85 SHEET (0. 040 INCH)(¥XE)

Ram Successful Full
Temperature, Radius, Bend Angle,

Condition F T degrees

Cold olled 50% Rr 1T 113-126

-320 47(P) 110-114

4T 127-131
2T 121

17(b) 109-110

T 89-90(c)

Stress relieved RT 1T 127-128
-320 4T 136

1T 121-123

Recrystallized RT 1T 130-131
-320 4T 140

1T 121-124

(a) Test rate 10 inches per minutc. Analyses 27.68% Ta, 10,89% W,
0.93% Zr, 0,002% C, and 0.005% O.

(b) Testrate 0,1 inch per minute.

(c) Not a full bend angle,



A-87

Metallurgical Properties

a.

Fabricability: after high temperature breakdown using conventional practices,
final rolling, forming, blanking, spinning and drawing can be
veadily performed at room temperature(l)

Transition temperature: <-3?C F for cold-rolled, stress-relieved, or re-
«.rvstallized sheet (0. 040 inch)(b)

Weldability: may be welded using conventional TIG techniques; welded sheet,
both annealed and stress relieved, exhibits a 1T bend at =125 F(1)

Stress-relief temperature: 1 hour at 1830 for sheet material(3)
Figure A-44
Recrystallization temperature: 1 hour at 2400 F for sheet material(3)

Figure A-44
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2,

Identification of Material

a.

b.

C.

Designation: F5-82 (Fansteel)

Chemical composition: typical analyses for arc-cast matzrials!)

Element Weight Pcr Cent
Ta 33
Zr 1,0
o} <0, 0300
C <0, 0100
N <0, 0200
H <0, 0020

Forms available: ingot and most mill products

Physical Propertics

a,

b.

c.

Melting pr nt: 4570 1(2)

Density: 0,367 1b/in. 3 (calculated)

Thermal expansion:

Figures A-45 and A~416
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Mechanical Properties
a. Tensile Properties at Room Temperature

Ultimate tensile strength: Tables A-43 through A-45

Elongation: Tables A-43 through A-45

Modulus of elasticity: 17 x 1ob psi(s)
~18x 106 pgil4)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-46 through A-48
Figures A-47 and A-48

Tensile yield strength: Tables A-46 through A-48
Figure A-47

Elongation: Tables A-46 through A-48
Figure A-47

Modulus of elasticity: Figure A-47
c., Notched Tensile Propertics
Table A-49
d. Creep and Stress-Rupture Properties

Tables A-50 and A-51
Figures A-49 through A-51

e, Other Selected Mechanical Properties

Shear strength: for stressw-relieved (1 hour 1900 F) shccet material(3)

Shear Per Cent of
Temperature, Strength, Tensile
13 1000 psi Strength
RT 76.0 93.0
73.6 90. 3
2500 7.66 64.6
8.15 68.8

Bearing strength: Table A-52
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TABLE A-43. SOME SELECTED ROOM-TEMPERA TURE TENSILE PROPERTIES OF F$-82

Tensile Yield
Swength, Suength, Elongation,
Condition 100G psi 1000 psi per cent Reference

Stress-relieved sheet (1 hr 1900 F, 80.0 80.0 19.7 {3)
v. i 3 inchyt® 58,0 98,5 19.5 @
Stress-relieved sheet (1 hr 1900 F, 82.1 71.8 11.3 (3)
0. 020 inch)(® 80,7 65.7 11.3 (3
81.4 71.7 11.3 3
Recrystallized material 85,0 317.0 24 n

(a) Test rate 0.2 inch per minutc crosshead speed,

(b) Test rate 0,005 inch per inch per minute to yield, then 0,03 inch per inch per minute to fracture,

TABLE A-44,

EFFECT OF TEST DIRECTION ON THE TENSILE PROPERTIES OF FS-82 SHEET AT ROOM-TEMPERA TURE

(3)

Sheet Thickaess,

Test Direction

inch Property Longitudinal Transverse 45-degree
0.010 Tensile Strength, 1000 psi 91 103 86
Yield Strength (0. 2% Offser), 1000 psi 81 93 81
Elongation in 3/4 Inch, per cent 8 8 10
0,017 Tensile Strength, 1000 psi &7 68 62
Yield Strength (0. 2% Offsct), 1000 psi o3 0 50
Elongation in 3/4 Inch, per cent 13 12 18
0,018 Tensile Strength, 1000 psi 68 69 62
Yield Strength (0. 2% Offsey), 1000 psi 51 52 51
Elongation in 3/4 lnch, per cent 12 10 18
0, n20 Tensile Streiigth, 1000 psi 68-89 68-94 60-88
Yicld Strength (V. 2% Offset), 000 psi 51-81 49-81 .80
Elongation in 3/4 Inch, per cent 11-17 10-18 12-18
0.070 Tensile Strength, 1000 psi 108 118 107
Yield Suength (0. 2% Offset), 1000 psi 99 101 99
15 10 14

Elongation in 3/4 Inch, per cent

TABLE A-d5. EFFECT OF STRAIN RATE ON THE ROOM-TEMPERATURE TENSILE PROPERTIES
OF STRESS-RELIEVED FS-82 SHEET (0. 125 INCH)(#X3)

in

Tensilc Yicld Strength Elongation

Crosshead §peed, Strength, (0.,2% Offsct), 1 Inch,
inch per minute 1000 psi 1000 psi per cent

0.2 89.5 80.0 19,6

5 80.0 83.9 15,0

10 92.6 92.6 15,0

(a) Suessrelieved | hour at 1900 F,



TABLE A-46.

A-95

EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF
STRESS -RELIEVED F§-82 SHEET (0. 120 INCH)(2)(3)

Tensile Yield Strength
Strength, (0. 2% Offset), Elongation in 1 Inch,
Temperature, F 1000 psi 1000 psi per cent

RT 90.0 80.0 19.7
88,0 9.5 19,5
1600 69.0 §7.0 14,1
66,5 60.0 15,8
2000 50.6 44,8 28.2
50.8 42,5 24,0
2500 14,2 12,0 16,0
14,6 12.3 68.0

(a) Stress relieved 1 hour at 1900 F. Test rate 0.2 inch per minute crosshead speed,

TABLE A-47.

EFFECT OF TEMPERATURE ON THE "I'ENSLL,E PROPERTIES OF
STRESS -RELIEVED F$-82 SIEET (0,020 INCH)(M(®)

Tensile Yield Strength
Strengtl, (0. 2% Offser), Elongation in 3/4 Inch,
Temperature, F 1000 psi 1000 psi per cent
RT g2.1 11,8 11.3
80.7 65,7 11,3
81.4 11,1 11.3
1000 14.6 63,17 3.8
84.0 7.6 3,8
16.0 36,4 2,3
1600 62.7 47.8 10,0
66.9 4.6 1.8
64,6 53.9 3.8
2500 13.3 13.1 65,0
10.4 8.7 41,0

(a) Stress relieved | hour at 1900 F. Test rate 0.005 inch per inch per minute to

yield, then 0.03 inch per inch per minute to fracture.



TABLE A-48, EFFECT OF TEST DIRECTION ON THE TENSILE
PROPERTIES OF FS-82 SHEET AT 2200 F{(3)

Sheet Thickness, Test Direction

inch Property Longitudinal Transverse 45 Degree

0,010 Tensile Swength, 1000 psi 17 15 16
Yield Strength (0.2% Offser), 1000 psi 8 10 10
Elongation in 3/4 Inch, per cent 63 58 82

0,017 Tensile Strength, 1000 psi 14 14 18
Yield Strength (0, 2% Offsct), 1000 psi 10 10 9
Elongation in 3/4 Inch, per ceut 83 58 76

0,018 Tensile Strength, 1000 psi 15 16 15
Yield Strength (0. 2% Offser), 1000 psi 9 9 10
Elongation in 3/4 Inch, per cent 13 63 66

0,020 Tensile Strength, 1000 psi 18-30 19-34 20-26
Yieid Suength (0, 2% Offsct), 1006 psi 9-19 10-21 10-16
Elongation in 3/4 Inch, per cent 28-72 20-52 26-58

0,070 Tensile Strength, 1000 psi 23 35 30
Yield Strength (0. 2% Offsct), 1000 psi 13 20 18

Elongation in 3/4 Inch, per cent 54 30 38
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FIGURE A-47. EFFECT OF TEMPERATURE ON THE STRENGTH AND MODULUS
OF STRESS-RELIEVED FS-82 SHEET (0, 040 INCH) IN HELIUM(4)

Stress relieved 1 hour at 1900 F,

Test rate 0, 003-0, 005 inch per inch per minute to yield, then
0.02-0. 04 inch per inch per minute to fracture.
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FIGURE A-48. EFFECT OF TEMPERATURE AND HEAT-UP TIME PRIOR
TO TEST ON THE STRENGTH AND DUCTILITY OF
STRESS-RELIEVED FS-82 SHEET (0. 040 INCH){4)

Stress relieved 1 hour at 1900 F,
Tests conducted in vacuum at 0. 05 inch per minute crosshead

speed. Tests conducted in helium at 0.003-0. 005 inch per
inch per minute to yield, then 0.02-0.04 inch per inch per



TABLE A-4Y,

A-98

ROOM -TEMPERA TURE NOTGHED TENSILE PROPERTIES OF
STRESS-RELIEVED FS -2 SHEET (0. 020 INCHY&)X{3)

Notched
Notch Notch Tensile Elongation
Radius, Wwidtlh, Streagth, in 3/: Inch, Notched/Unnotched
inch inch Kt 1000 psi per cent Strength Ratio

0.007 0.419 5,17 8Ly 3.5 1,0

2, 3.0 1,056
0,003 0,120 (b) 77,0 3.5 0.94
0,004 0.420 1.3 81,4 3.0 1.0

(a) Stress relieved 1 hour at 1900 F,
(b) Radii of notch considerably different on opposite sides of specimen; K, = 8.3 on sharp sidc.

TABLE A-50.

STRESS -RUPTURE DA A FOR STRLESS ~RELIEY ED 15 -84 S{EET
(0,070 INCH) AT 2000 AND 2600 F(AE)

Rupture

Temperature, Stuess, Life, Elongation,
F 1000 psi hour per cent
20006 20,0 1.6 37
14,0 0.6 10
10,0 a4, 7 47
2500 0.0 b, 4 58
4.0 87,0 71
3.0 278 HE

(a) Stress relicved 1 hour at 1900 F,



Stress, 1000 psi

b
'
~N)
e

TABLE A-561. RUPTURE STRENGTHS OF STRESS-RELIEVED FS-82

SHEET (0. 125 INCH)(2X(3)

Stress to Produce Rupture,
1000 psi, at Indicated

Time, hours

T'ime,

Temperature, F 1 10 100
1600 58 49 38
2000 26 19 14,5
2100 21 16.8 11
2200 16 12 8.5
2500 7.8 6.2 3.9

(a) Stress relieved 1 hour at 1900 F, Data taken from Larson-
Milier plot, Figure A-50,
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FIGURE A-49.

Time, hours

CREEP DEFORMA TION OF STRESS-RELIEVED FS-82 SHEET

{0.040 INCH) AT 1800, 2000, AND 2200 F(4)

Stress relieved | hour at 1900 F,
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TABLE A-52,  BEARING STRENGTH OF STRESS -RELIEVED FS-82 SHEET
(0. 120-INGH) FROM ROOM TEMPERATURE TO 2000 F(2)(3)

Bearing Bearing Yield
Bearing Bearing Strength/ Yield Strength/
Temperature, Strength, Tensile Strength Suength, Yield Strength
1000 psi Ratio 1000 psi Ratio
Edge Distance 0.375 Inch (1, 5d)
RT 137,1 L5 105,2 1.3
139,2 1.5 163.0 1.2
1600 113,8 1,6 21,0 1.5
110,65 1,6 99,2 1.7
2000 4.2 1.4 68,4 1.6
71,6 1.4 68.9 1,6
Edpe Distance 0, 500 Inch (2.0d)
RT 185.0 2.0 109.8 1.3
187,0 2.1 114, 1.4
1600 110, 7 2.0 106.8 1.8
2000 100,17 2.0 7.6 1.8
89,5 1.9 72.9 1.7

(a) Stress relicved 1 hour at 1800 F,
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Metallurgical Properties

a.

Fabricability: can be fabricated using most conventional fabrication practices
and procedures; readily cold workable(6)

for stress-relieved (1 hour at 1900 ¥) sheet
s _vy(3)

Transition temperature: <-65 F
ke Na W — A Y
[ AL A Y FS OF Uy B

n n
U, 0

-

Weldability: can readily be welded using TIG techniques; welded sheet matcrial
is ductile below room tempcraturc

Stress-relief temperature: 1 hour at 1900 F for sheet material(3,4)

Recrystallization temperature: effect of annealing temperature on recr(ystal—
lization and hardness of sheet material(3)

l-Hour Annealing

Temperature, Recrystallization, Hardness,

F per cent VHN

As received(a) 0 190
1800 0 182

2000 0 172

2100 50 119

2200 100 107

2400 100 118

(a) Stress relieved 1 hour al 1900 F,



(1)

-~
ro
—-—

(3)

{4)

(5)

(6)

A-103 and A-104
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1. Identification of Material

a.

b,

c.

A-105

Cb-10Ti-5Zr

Designation: D-36 (Du Pont)

Chemical composition: Table A-53

Forms available: sheet, strip, plate, bar, and tube hollows (!, 2)

TABLE A-53. GHEMICAL REQUIREMENTS FOR D-36 FABRICATED SHAPES(Y

Content, Maximum, weight per cent

Element (a) )]
Ti 9,0 min-11,0 max 9.0 min-11,0 max
Zr 4,0 min-6,0 max 4.0 min-6. 0 max
o] 0, 0400 0.0300
H 0,0020 0.0020
N 0,0100 0.0100
C 0,0100 0.0100
Cb By difference By difference

(a) Sheet, strip, plaic, rcctangular bar, and round bar,

(b) Tube hollows,

2, Physical Properties

a,

b,

Melting point: 3500 F(2)

Density: 0. 286 Ib/in, 3¢2)

Thermal expansion: Figure A-52

Thermal conductivity: Figure A-53
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Mechanical Properties

a,

b.

C.

Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A~54 and A-9-3
Tensile yield strength: Tables A-54 and A-55
Elongation: Tables A-54 and A-55
Reduction in area: Table A-54
Modulus of elasticity: 16.5 x 100 psi(z)
Effect of Temperature on Tensile Properties
Ultimate tensile strength: Figure A~54
Tensile yield strength: Figure A-54
Elongation: Figure A-54
Creep and Stress-Rupture Properties

Figurc A-55
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TABLE A-54. ROOM-TEMPERA TURE TENSILE PROPERTIES FOR
REGCRYSTALLIZED D-36 FABRICATED SHAPES(2)(1)

Tensile Yield Strength Reduction
Strength, (0, 2% Offser), Elongation, in Area,
Comments 1000 psi 1000 psi per cent per cent

Sheet and Strip
0.006 in. to 0.020 in., incl., min values 10 60 156 (2 in.) --
Over 0.920 in. to 0. 187 in. .‘ incl., min valucs 70 G0 17 (2 in.) .-

Plate and Rectangular Bar

Typical average 74 67 20 (2 in, or aD) --

Probable minimum 65 58 15 (2 in. or4D) --
Round Bar

Minimum 65 58 20 (4D) 50

(a) Test rate 0,905 + 0,002 inch per inch per minute through 0, 6 per cent offset, then 0.05 ¢ 0,02 inch per inch per minute to
failure. Typical analyses 9.0-11.0% Ti, 4,0-6.0% Zr, <0,0400% O, <0,0020% H, <0.0100% N, and <0.0100% C.
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TABLE A-55. ROOM-TEMPERATURE TENSILE PROPERTIES OF D-36 REROLL STOCK AND FINISHED FOIL(X(3)
Tensile Yield Strength Elongation
Coil Gage, Recrystallization, ASTM Test Suength, (0.2% Offscyy, in 2 Inches,
Identification inch per cent Grain Size Direction 1000 psi 1000 psi per cent
Reroll Foil Stock
770 0,054 100 6.5 T 76.1 59,17 24.0
445 0, 060 100 5.5 L 70.8 §1,0 30.0
T 71,56 59,1 30,0
658 0,053 100 6.5 T 1.6 64,5 21,0
413 0, 054 100 6,0 T 1.8 62.8 29.2
348 0,052 100 5.5 L 16. 5 65,0 29.2
T 1.6 66.4 28.7
36-9 0,062 100 1.5 L 74,0 63.4 28,0
T 4.1 63,4 27,0
36-10 0,051 100 5.5 L 4.1 63,1 21.0
T 76,8 62.7 20,1
Finished Foil
444 0,010 90 8.5 8e. 6 13.2 19,5
T 6.1 67.6 19.0
(b
444(1) 0,010 60 9.0 L 85,9 71.4 2.0
T 81,1 7.3 2,5
445(2)(D) 0.010 35 9.5 L 86, 1 74,9 9.2
T 89,1 78.0 4.1
36-413 0.01¢ 100 9.0 L 18,6 66. 6 20,6
T 19.38 70.2 22,17
166 0. 006 90 9.0 L 8.1 75,0 22,0
T 81,6 74.8 14,3
770 0. 006 100 8.0 L 15.5 64,1 20.5
T 11.4 68,8 20.56
36-%s) 0. 006 100 8.5 L 1.2 59,2 27,0
T 74,0 61,5 18,0
36-9 0,006 100 9.0 L 11,3 63,3 17.6
T 3.2 63,6 19.0
36-10T1 0.006 100 B.5 L 6.7 68,9 20.0
T 79.8 70,4 22.2
36-1073(5)(¢) 0. 006 100 8.5 L 79,0 67.5 20.0
T 83,1 67,95 21.1
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TABLE A-55. (Continued)
Tensile Yield Strength Elongation
Coil Gage, Recrystallization, ASTM Test Strength, (0.2% Offset), in 2 Inches,
Identification inch per cent Grain Size Direction 1000 psi 1000 psi per cent
Finished Foil (Continued)
761 0. 002 100 9.5 L 83.0 74,0 15,6
36-348 0, 002 18 9.5 L 18.6 68.9 12.0
T Ti.1 7.0 14,5

(a) Testrate 0.005 inch per inch per minute to 0.2 per cent yield, then 0, 05 inch per inch per minute to failure, Analyses

are as follows:

Coil

770
445
668
413
348
36-9
36-10

444
444(1)
4452)
36-413
766

710
36-9(5)
36-9
36-10T1
36-10T3(S)
761
36-348

Gage,
inch

0,051
0,060
0,053
0.064
0,052
0,052
0,051

0,010
0,010
0.010
0,010
0.006
0,008
0. 006
0.006
0.006
0.006
0,002
0. 002

Weight
Per Cent PPM
Tz 0 N ¢ H
Reroll Foil Stock
10,2 5.0 179 19 51 <10
10.2 4,1 173 21 63 <10
10,0 4,8 239 25 21 <10
9.8 5.2 179 30 42 <10
9.8 5,0 182 33 40 <10
10,4 4.7 105 63 25 <5
10,5 4,9 205 37 85 <5
Finished Foil
-~ -- 70 80 36 <10
-- -- 2200 80 84 <10
-- -- 950 13 42 11
-- -- 106 14 40 <5
-- -- 165 88 48 <10
-- -- - 80 67 130 <10
-- -- 205 25 100 <10
-- -- 240 18 45 <10
-- -- 340 21 70 <5
-- - 315, 620 37 130,395 <10
-- -- 300 10 8 <10
-- - 660 43 368 <b

(b) Sample taken from area with discolored surface.

(c) Stuand annealed.
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4. Metallurgical Properties

a.

b.

C.

Fabricability: readily fabricated from arc-melted ingot using primary break-

down extrusion or forging and subsequent standard conversion to
mill shapes(2)

Transition temperature: <RT(17 2)

Weldability:

fusion and resistance weldable by all standard processes including
hand TIG welding; in the as-welded condition, fusion welds in sheet
can be bent to greater than 2T, provided adequate protection from

the atmosphere is maintained during welding(2)



(1)

{2)

(3)
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Cb-10Ti-10Mo-0.1C

1, Identification of Material
a, Designation: D-31 (Du Pont)
b. Chemical composition: Tiliec A-56

c, Forms available: sheet, strip, plate, bar, and tube hollows(1,2)

TABLE A-5g. CHEMICAL REQUIREMENTS FOR D-31 FABRIGATED SHA pEs(D

Content, Maximum, weight per cent

Element (a) (b)

Ti 9.0 min - 11,0 max 9.0 min - 11,0 max
Mo Y.0 min - 11,0 max 9.0 min - 11,0 max
o] 0,0250 0.0260

H 0,0020 0,0020

N 0,0070 0.0100

C 0.U8 min ~ 0,12 max 0.08 min - 0,12 max
Cb

By diftcrence

By difference

(a) Shcet, strip, and round bar,
(b) Plate and reciangular bar,
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Physical Properties
a, Melting point: 4100 F(2)
b. Density: 0,292 1b/in. 3(2)

. Thermal expansion: linear coefficient is estimated to be 4.1 x 10-6/F
.)~1800 F){3]

d. Thermal conductivity: 500 Btu/(ft%){hr)(F /in) at 2200 F(3)

Mechanical Properties

a. Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A-57 through A-60
Tensile yield strength: Tables A-57 through A-60
Elongation: Tables A-57 thiough A-60
Reduction in area: Tables A-57 through A-60
Modulus of elasticity: 16,5 x 106 psi(l)

b, Effect of Temperature on Tcnsile Properties

Ultimate tensile strength: Tables A-61 and A-62
Figures A-56 through A-58

Tensile yield strength: Tables A<61 and A-62
Figure A-58

Elongation: Tables A-61 and A-62
Figure A-58

Reduction in area: Tables A-61 and A-62
Modulus of elasticity: Figure A-59
¢, Creep and Stress~Rupture Properties

Tables A-63 and A-64
Figures A-60 through A-63

d, Other Selected Mechanical Properties

Fatigue: Table A-65
Figure A-64



TABLE A-57.
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ROOM ~TEMPERATURE TENSILE PROPERTIES FOR STRESS -RELIEVED D-31 FABRICATED SHAPES(axl)

Teusiie Yield Strength,
Suengi , {0.2% Offsery, Elongation, Reduction in Area,
Comments 1000 pst 1000 psi per cent per cent
sheet and Suip{5)
0.006 in. te 0. 020 in,, incl.,, min values 85 80 8(2 in) --
Over 0,020 in. to 0, 187 in,, incl., min values 85 80 10 (2 In) --
Plate and Rectangular Bar{®)
Minimum 7% 65 10 (2 in or 4D) --
Round Bar(b)
Minimum 15 65 10 {4D) 20

(a) Test rate 0,005 & 0.002 inch per inch per minute through 0, 6 per cent offset, then 0,05 i 0,02 inch per inch per minute

to failure,

(b) Typical analyses 9.0-11,0% Ti, 9,0-11.0% Mo, <0.0250% O, <0.0020% H, <0.0070% N, 0,08-0,12%C,
{c) Typical analyses 9.0-11,0% Ti, 9,0-11,0%Ma, <0,0250% O, <0.0020% H, <0.0/100% N, 0,08-0,12% C.

TABLE A-58. ROOM -TEMPERATURE TENSILE PROPERTIES OF D-31 EXTRUSIONS
Tenstle Yield
Strength, Strength, Elongation, Reduction in Arca,
Gondition 1000 psi 1000 psi per ceat per cent Refercnce
As extruded (4: )(®) 96 94 9 11 4
As extruded (8:1) 100 92 22 47 4
Extruded (8:1), 1 hr 92.5 .- - -- 4
2450 Ha)

Extruded, 1 ir 2500 F 100.7(T) 87.4(T) 17.2(T) 21,3 (T) 5

(a) Test rate 0.05 inch per inch per minute,
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TABLE A-59.  ROOM-TEMPERATURE TENSILE PROPERTIES OF ANNEALED D-81 UPSET FORGINGS¢2X5)

torging Upset Teusile Yield Suength
Tenperature, Reduction, Suength, (0.2% Offser), Elongation, Reduction in Area,
F per cent 1000 psi 1000 psi peL cent per cent
2000 48 99,4 83.9 34 47
2200 49 100.3 85.6 34 417
2400 o1 100.0 82.1 29 41
2000 13 99.0 85.8 35 52
2200 T4 95,8 87.6 317 85
2400 13 98.17 83.1 38 50

(a) Annealed 1 hour at 2200 F.

TABLE A-60,  EFFEGT OF ANNEALING TEMPERATURE ON THE ROOM -TEMPERATURE TENSILE PROPERTIES OF D-31
GOLD-ROLLED SHEET (0,060 INGH)X2XH

Tensile Yield
J-Hour Apnealing Test Strength, Strength, Elongation,

‘Iemperature, F Direction 1009 psi 1000 psi per cent Structure

As rolled L 125 122 5 Fibcred

T 132 128 5 Fibered

1760 L 105 100 18 Fibered

T 105 106 10 Fibered
2100 L 99 89 .- 100% rex.
T 100 92 <0 100% rex.
2300 L 98 90 - 100% rex.
T 99 87 -- 100% rex.
2450 L 90 .- - 100% rex.
T 90 -- -- 100% rex.

(a) Test rate 0.05 inch per inch per minute,
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TABLE A-6G1. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF D-31 EXTRUSIONS(Y

Tenstle Strength, Yield Strength, Elongadon, Reductivil ia Area,
Tcmperature, F 1000 psi 1000 psi per cent per cent

As Extruded (4: .l)(':‘)

RT 93 94 4 11
1800 31 35 +0 72
2000 24 2R 50 0
45 Extruded 8: (P)
RT 100 v2 22 17
800 67 Se 22 15
1150 70,5 52 19 42
1600 63 49 6 12
1700 b Sl 6 9
1300 10 38 13 13
2000 34,6 33 2 Y
2200 25 22 11 13
2400 .o - 8 11
2600 11 - - 40
Extruded (8:1), Recrysiallized | Hour at 2450 1)
RT ERME b b -
200 91 86.8 o Tt
400 79,0 70.3 23 Tl
600 67.7 D044 28 76
800 67.1 90,2 23 82
1000 66 17.9 19 80
1200 60.2 16.0 1 6
1400 .t 38.6 19 10
1600 45,9 36, 1 9 16
1800 36.3 32.7 13 20
2000 25.8 25 23

26.2

(a) Test rate U, 05 inch per inch per minute.

(b) Tested inair,

TABLE A-62.  EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF UPSET FORGED AND ANNEALED D-31(2)(5)

Yield Strength

Tensile strength, (0. 2% Offset), Elongation, Reduction in Arca,
Tempriature, F 1000 psi 1000 psi per cent pur cent
1000 GRS .- 1 18
2000 ¢, 2 a8 36 11
2300 17,9 - 86 82
2600 10,2 8.0 100 65

() Forged 75 per cent at 2200 F, annealed | hour at 2200 F.
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STRESS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED D-31K2X5)

Rupturc Elongation in Reduction in Area,
Temperature, F Stress, 1000 psi Life, Hours 1/2 Inch, per cent per cent

2000 22 0.2 76 62
i8 0.5 76 92

11 17.8 82 81

2300 15 0.05 24 19
10 0.8 112 72

8 6.0 51 20

2600 9 0.1 108 19
5 2.3 124 3

3.5 10.2 85 65

(a) Forged 75 per cont at 2200 &, anncaled 1 hour at 2200 I,

TABLE A-G4.

SIORT -TIME CREEP AND STRESS -RUPTURE BEHAVIOR OF D-31 SHEET (0.042 INCH)(GJ

Time to Produce Indicated Creep, scconds

Rupture Time,

Temperature, F Stress, 1000 psi 0, 5% 1,0% 2.0% 5.0% 10,0% seconds
1900 25.0 2.5 5,4 14,5 28 80
20,0 5.8 14 30 3 140 400
15,0 32 80 160 360 140 1950
2100 15,0 G 10 19 38 12 150
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FIGURE A-61.
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RELIEVED D-31 SHEET (0. 060 INCH){3)
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TABLE A-65.  TENSION-TENSION FATIGUE DATA FOR D-31 SHEET (0. 042 INCH)Y )
a
RT 2300 F
Maximum Stress, Maximum Stress,
1000 psi Cycles to Failure 1000 ps{ Gycles to Failure
<3
50 > 50 % 105 12.2 1.2 % 10°
53 24 x 10° 12,3 6.0 x 108
55 13 x 10° 14,7 49 x 104
o 4 4
60 40 x 10 14,7 72 x 10
65 31 x 10% 18.6 7.0 x 103
5 11 x 10 18.6 6.5 x 108
15 12 x 104 -- -
90 17 x 103 -- -
90 18 x 108 - --
.
120 Legend "

1000 psi

Maximum  Stress,

oo —

100

Longitudinal  grgin

grain

o+ Did not fail
D+
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FIGURE A-64.

COMPLETELY REVERSED SHEET-BENDING FATIGUE

PROPERTIES OF STRESS-RELIEVED D-31 SHEET

(0.020 INCH) AT ROOM TEMPERATURE(?)
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Metallurgical Properties

a, Fabricability: readily fabricated from arc-melted ingot using primary
breakdown extrusion or forging and subsequent standard

conversion to mill shapes(Z)

b. Transition temperature: <rT(l,2)

¢. Weldability: cannot be fusion welded by standard arc processcs; can be welded
using high-speed electron-beam or resistance techniques{2)

d, Recrystallization temperature: effect of annealing temperature on recrystalliza-
tion and hardness of extrusions

Temperature, Recrystallization, Hardness,
F per cent VHN
As extruded 0 249
2200 40 221
2300 60 222
2400 100 227
2500 100 230
2600 100 231
2700 100 258

Figure A-65
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FIGURE A- 65. TEMPERATURE FOR COMPLETE RECRYSTALLIZATION OF

D-31 SHEET(3)
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Cb-5W-1Zr

1. Identification of Material
a. Designation: AS~55 {General Electric)

b. Chemical composition: nominal analyses“)

Element Weight Per Cent
w 5-10
Zr 0.8-1.2
Y 0.2-1.0ta)
C 0.04~0.08
o} 0.10 max. (2
N 0.03
Ch Balance

(a) Starting material content, Oxygen and
ytium analyscs of arc~melted ingot
will be lower.

c. Forms available: ingot and fabricated shapes on a best efforts basis
2. Physical Properties
a. Density: 0.317 1b/in, 3 (calculated)
3. Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate tensile strength: Table A-66
Tensile yield strength: Table A-b66
Elongation: Table A-66
b. Effect of Temperature on Tensile Properties
Ultimate tensile strength: Table A-67
Tensile yield strength; Table A=67
Elongation: Tabhle A-67

c. Creep and Stress-Rupture Properties

Figure A-66
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d. Other Selected Mechanical Properties

Bend ductility: ductility of sheet (0, 040 inch) as affected by aging at
various temperatures and times(!

Aging Conditions Ductility

nnnnnnnnnnnn L RPN A e mala Anomnanl a1
Tomperature, Time, Agins Cold Annvealed |
F Hours Enviromnent Rolled Hr, 2.00 F

Unaged -- -- <1T <1T

1700 20 Vacuum <1T <1T

1850 100 Potassium <1T -

1850 1000 Potassium <1T <1T

1850 1000 Vacuum -- <1T
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TABLE A-66.
AS-35 BAR AND SHEET(aX1)

ROOM -TEMPERATURE TENSILE PROPERTIES OF

Lensile Yicld 5t igih
Strength, (0. 2% Cffser), Elor gation,
Cos Jitien 1000 psi 1000 psi per cent
Suress-relieved bar (wanm swaged, 1 hr 1800 F, 84.1 65,4 22
181 VIIN)
Recrystallized sheet (cold rolled, 1 hr 2600 F. 67,8 55,3 28

135 VIIN)

(a) Analyses 4,65% W, 1,0% Zr, 0,15% Y, 0,052% C, 0, 022% O, and 0. 028% N,

TABLE A-67.

EFFECT OF TENPERATURE ON THE TENSILE

PROPERTIES OF AS-55 BAR AND SHEET(a)!)

Tensile

renperature, strength,

Yield Stirength
(0. 2% Offsct),

E longation,

F 1040 psi 1000 psi per cent
&qss;Rulicved Bar, Warm Sf\{ngvd,ﬁl Hour at 1800 )¢, Jﬁl\iljﬂ
KT 84,1 66.4 22
1600 58,0 50.0 12
2000 40,0 348.3 15
2200 30,4 28.0 24
2600 4.1 i2.4 44
Reerystailized Sheet, Cold Rolled, | Houi at 2600 F, 135 VIIN
WCTYS K € ALl A
RT 67.8 55,3 28
1600 41,1 23.3 22
2000 31,0 18.2 24
2200 ~ 24,9 ~ lb ~50
(2} Aualyses 4,65% W, 1,0% Zr, 0,15%Y, 0,052% C, 0.022% O, and 0. 028% N.
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Metallurgical Properties

a.

Fabricability: amenable to breakdown by forging as well as extrusion; tempera-
tures in the region of 2000 to 2500 F arc used, and large reduc-
tions can be made between anneals; following breakdown, billets
can be conrverted to other wrought forms with relative ease; cold
or warm rolling of thin sheet has been accomplished without
eiiicalty(!)

Transition temperature: <rT(l)

Weldability: weldments produced by the TIG process are Guile ductile in the as-
welded condition; however, the low-temperature ductility of such
welds is adversely affected by exposure to temperatures in the
range 1600 to 1800 (1)

Stress~relief temperature: 1 hour at 1800 ¥ for warm-swaged bar(l)

Recrystallization temperature: 1 hour at 2600 F for cold-rolled sheet(l)
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Cb-10W-1Z2r-0.1C

1. Identification of Material
a. Designation: X-110, D-43 (Du Pont)}

b, Chemical composition; Table A~68

c. Forms available: ingot and fabricated shapes on a best efforts basis

TABLE A-U8, CHEMICAL COMPOSITION OF EXTRUDED D~-43 BAR AND SHEET(1)

Amount Present

Sample Weight Per Cent PPM
Form Location w Zr C (o] H N
Extruded bar, 283 Front 8.2 1.4 125 22 6 37
1/3 back 10,5 0.9 830 46 4 36
2/3 back 10,3 0.93 885 44 10 an
Back 10,2 0,97 855 52 9 45
Extruded bar, 284 Front 8.4 1,3 1140 19 H 38
1/3 back 10,0 0,92 1175 40 6 33
2/3 back 10,2 0.94 860 41 4 35
Back 10, 1 0.94 1045 16 4 33
Sheet, 0,063 inch -~ 10. 0 0.95 950 64 t 38
Sheet, 0,040 inch .- 9.8 0.94 920 50 3 33
Shect, 0,020 inch -- 10,8 0,97 1005 60 1 32
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2. Physical Properties
a. Melting point: 4700 F (a.pproximate)(z)
b. Density: 0.326 lb/in, 3(2)
3. Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A-69 through A-71
Tensile yield strength: Tables A-69 through A-71
Elongation: Tables A-69 through A-71
Reduction in area: Table A-69
b. Effect of Temperature on Tensile Properties
Ultimate tensile strength: Tables A-72 and A-73
Tensile yield strength: Tables A-72 and A-73
Elongation: Tables A~72 and A-73
c. Creep and Stress-Rupture Properties
Figurc A-67
d. Other Sclected Mochanical Propertics

Bend ductility: 1T bend radius at room temperature for sheet (0, 040 inch)
material(2)
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ROOM-TEMPERATURE TENSILE PROPERTIES OF D-43 EXTRUDED TUBE BLANKS(2X3)

TABLE A-69,
Tensile Yield Suength
Strengih, (0, 2% Offset), Elongation in Reduction in Area,
Condition 1000 psi 1000 psi 4D, per cent per cent
94,0 18,0 18 67
93,2 76,8 17 56
1 2200 F 96, 0 69.9 21 63
96,7 70,1 28 65
Annealed 2 lir 2600 F 8.5 59.1 24 62
80,1 59,6 31 64

(a) Test rate 0,005 inch per inch per minute to yicld, and 0,056 inch per inch per minute to failure,

TABLE A-70. ROOM -TEMPERA TURE TENSILE PROPERTIES OF STRESS ~RELIEVED

D~43 SHEET (0, 040 INCH}(3X)2, 13
Tensile Strength, Yield Strength (0, 2% Offser), Elongation in 1 Inch,
1000 psi 1000 psi per cent
96-100 75-80 14-18

(a) Stess relicved 1 hour ar 2200 F,  Tost rate 0, 05 inch per inch per minute.  Typical analyses
10.2% W, 0.97% Zr, 0.08% C, 0,0125% O, and 0, 040% N,

TABLE A-71.  ROOM-TEMPERATURE TENSIIE PROPERTIES OF STRESS -RELIEVED
D-43 SHEET(AXD)

Thickness, Tensile Strength, Yield Strength, Elongation,
inch 1000 psi 1000 psi per cent
0,020 82,0 66,3 12,5

78,7 69,2 12,6
0,040 84,1 75,2 12,2
85,4 75,7 12,4
0,063 84,1 15.6 14,5
84,0 5.9 13,5

(a) Stress relieved at 2200 F, Test rate 0, 005 inch per inch per minute to yield, then 0,05 inch
per inch per minute to failure. Analyses are given below:

Thickness, Weight Per Cent PPM
inch W Zr C o H N
0, 020 10.8 0,97 1006 60 1 32
0, 040 9.8 0,94 920 50 3 33
0,063 10,0 0,95 950 64 1 38
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TABLE A-T72, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES

OF STRESS-RELIEVED D-43 SHEET (0. 640 INCH)(3)(Z, 4)

S RESS TRo Y &)

Tensile Yield Strength
Tempedtue, Strength, (0. 2% Offsct), Elongation in 1 Inch,
F 1000 psi 1000 psi per cent
RT 95-100 75-80 14-18
2000 46-48 39-40 14-18
2200 34-37 23-21 14-20
2400 24-21 20-24 25-30
2600 12-15,5 12-14 217-35

(a) Stress relieved 1hour at 2200 F, Test rate 0, 05 inch per inch per minute, Typical analyses
10,2% w, 0,97% Zr, 0,08% C, 0,0125% O, and 0, 0-+0% N.

TABLE A-7%.  TENSILE PROPERTIES OF STRESS -RELIEVED
D-43 SHEET AT 2200 F(aX1)

Thickness, Tensile Strength, Yicld Strength, Elontgation,
inch 1000 psi 1000 psi per cent
0. 020 30,6 27.8 12
30,0 20,9 8
0, 040 37,0 3,2 16
37,0 3.8 12
0,063 . 37.0 34,1 16
36. 8 33.6 13

(1) Stress relieved at 2200 F. Test rate 0,006 iach per inch per minute to yiceld, then 0,05 inch per
itich per minute to failure. Analyses are given below:

Thickness, Weight Per Cent PPA
inch \d Zr _C o H N
0,020 10. 8 0. 97 1005 B0 1 32
0, 040 9.8 0, 94 220 a0 3 33
0,063 10,0 C. 95 950 64 i 338
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Metallurgical Properties

a. Fabricability: after high-temperature breakdown using conventional practices,
final working operations are rcadily conducted at room
temperaturv(““

b. Transition temperature: <-100 I’ based on bend~test results{2)

¢. Weldability: sheet material .s ductile as welded; transversce weld bend tests can
be bent over a 2T radius, >90 degrees, without Cracking(‘l)

d. Stress-relief temperature: 1 hour at 2200 F for sheet materiaill, 4)

e. Recrystallization temperature: 1 hour at 2400 F for sheet material{2)



(1)

(2)

(3)
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Identification of Material

a. Designation:

b. Chemical composition:

Cb-752 (formerly Cb-74, Haynes Stellite)

c. Forms available:

A-143

Table A-74

T

ingot and most mill products

TADLE A-74,  SELECTED CHEMICAL ANALYSES OF Cb-752
Amount Present, weight per cent
Nominal, Ingot Sheet

Element Ref. (1) Ref. (2) Ref. (2) Ref. (2)  Ref. (3) Ref. (3) Ref. (3) Ref, (2) Ref. (2) Ref. (2) Ref. (4) Ref. (4)
w 10.0 8.48 9.40 10.49 10, 06 10.49 10,20 -- .- -- 9.45 10. 04
Zr 2.5 1.90 2.45 2,54 2,45 2. 54 2.46 -- -- -- 2.45 3.23
C 0.0040 10,0200 0,0100 0,0030 0,004 0. 003 0, 002 -- -- - 0,01 0. 027
o 0, 0060 0.0290 0,0270 ©,0040  0.005 0. 004 0.010  0,0141 0.0179 0.0133 0,027 0, 047
H 0, 0006 0,0031 0,0024 ©0,0007  0,0006 0.0007 0,0006 0.0003 0,0007 0.0004 0,0024 0,0043
N <0, 0100 00,0050 0.0040 0,0100 <0.010 <0.010  <0,010  0,0084 0.0029 0.0057 0.004 0, 004

Physical Properties

a. Density: 0,326 Ib/in. 3

b. Thermal expansion:

Table A-75

c. Thermal conductivity: Table A-T6
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TABLE A-75,  LINEAR COEFFICIENT OF THERMAL
EXPANSION OF Cb-752(3)

Mecan Linear Thermal Expansion

Temperalure Range, Coefficient, 1078/F Over

F L Temperature Ranges Shown
68-200 3.8
68-400 3.9
68-600 3.9
68-800 4.0
68~1000 4.0
68-1200 4.1
68-1400 4.1
68~1600 4,2
58-1800 4.3
68-2000 1.4
©68-2200 4.5

TABLE A~76,  THERMAL CONDUCTIVITY OF
Ch-752 FROM 500 TO 2400 ¢{%)

Temperature, Thermal Conductivity,
F Bun/ (1t2) (hr) (F/ 1)
500 22,0
600 23, 0
700 23.8
800 24,4
900 25,2

1000 25,8
1100 26.4
1200 26. 8
1300 217.%
1400 27,6
1500 28.0
1600 28.3
1700 28.5
1800 28,0
1300 28.7
2000 28.8
2100 28.9
2200 29.0
2300 20.1

2400 29.2
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Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A-77 through A-82
Tensile yield <.reagth: Tahles A-77 Jhrorgh A-82
Elongation: Tables A-77 through A-82
Reduction in area: Tables A-77 and A-78
Modulus of elasticity: 15.03 x 10 psi(3)
b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-83 through A-89
Figure A-68

Tensile yield strength: Tables A-84 through A-89
Figure A-68

Elongation: Tables A-83 through A-89
Figure A-68

Reduction in area: Table A-83
Modulus of elasticity: Table A-90
¢. Notched Tensile Propertics
Table A-91
d. Crcep and Stress-Rupture Properties

Tables A-92 through A-%4
Figure A-69

c¢. Other Selected Mechanical Properties
Impact: Table A-95
Bend ductility: both longitudinal and transverse recrystallized (1 hour at
2200 and 2800 F) sheet (0. 035 and 0.010 inch) specimens
cxhibited a 1 to 3T bend radius at room temperature(z)

Shear strength: Table A-96

Bearing strength: Table A-97
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TABLE A- 7
Forging Upset Tensile Yicld Strength Reduction in
Teperature, Reduction, Strength, (0.2% Offser), Elongation, Area,
F per cent 1000 psi 1000 psi per cent per cent
2200 4 100.6 2.8 9 1
2400 41 102.6 4.0 13 9
2600 417 100.6 88,9 5 3
2200 71 101.9 85.3 35 34
2400 13 103.3 87,1 25 14
71 102.5 gy, 7 13 8

2600

(a) Anncaled 1 hour at 2400 F, nominal compositinn ¢:h-T0W -5Zr,

TABLE A-18.

ROOM- TENMPERATURE TENSILE PROPERTIES OF

Gb-752 BAR (0. 250-INCII DIAMETERYX?)

Tensile Yield Strength, Reduction
Surength, (0, 2% Offsct), Elongation, 1 Area,
1000 psi 100U psi per cent per cent

86.9 68,4 31 70

89, [ 70.6 26 30

¥i.h 68,9 33 GSY

86,1 65.8 31 63

88. 9 68.9 30 64

86. 9 68.3 32 70

(ay Tcst rate 0. 005 inch per inch per minute to yield, then 0,05 iuch per inch per

minute to failure.
and 0.004% N,

Analyses 10,2% W, 2,7%Zr, 0.007% C, 0,015% O, 0,0006% H,
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TABLE A-79, EFFECT OF SHEET THICKNESS ON THE ROOM-TEMPERATURE TENSILE
PROPERTIES OF Cb-752(2)(3)

Tensile Yield Elongation
Gage, Strength, Suength, in 1 Inch,
inch 1000 psi 1000 psi per cent
. 012 78,0 59.3 23
.018 73.3 53.8 21
.018 80.8 62,8 21
. 030 80, 8 63,0 28

() Average data for three tests.

TABLE A-80.  ROOM-TEMPERATURE TENSILE PROPERTIES OF Ch-762 SHEET(3)}{(3}

Tensile Yicld Strength Elongation

Gage, Strength, (0. 2% Offsct), in 1 Inch,

Heat inch Direction 1000 psi 1000 psi per cent
7 .02 L 6.0 50.0 20
7 L 012 T 4.0 ol.4 16
7 .018 T 71.8 61,4 22
8 . 012 L 79.1 05,9 15
8 . 018 T 87,4 69,7 23
8 . 030 L 86,2 10,6 20
11 .02 T 8.5 HB. 6 19
17 . 018 L 76,0 58.4 26
19 . 018 T 19.5 69.0 21
11 . 030 L 83.6 0.0 24
17 . 030 T 87.8 68.9 17

(a} Average darta for three tests, Test rate 0. 005 inch per inch per minute to yield, then 0,05 inch
per inch per minute to fracture,

Iagot Camposition, weight per cent

Hear W Zr C Q H N
i 10. 06 2.45 0, 004 0. 005 0. 000b <0.010
8 10,49 2,54 0.003 0. 004 0. 0007 <0,010

17 10.20 2.46 0, 002 0.010 0. 0006 <0.010
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EFFECT OF ANNEALING ON THE ROOM-TEMPERATURE TENSILE PROPERTIES
OF Cb-762 SHEET (0. 030 INCH)

Tensile Yield Strength Elongation
1-Hour Annealing Strength, (0. 2% Offset), in 1 Inch,
Temperature, F 1000 psi 1000 psi per cent
Heat 10(3, b}(4)

2900(¢) 85.7 (L) 70.2 (L) 21 (L)
8Y.6(T) 71.3(T) 23 (T)
2300(%) 84.0 68.3 26
Heat 11(a, €)(4)
2200(¢) 87.4 75,0 15
2300(0) 80.2 65.4 22 ’
Heat 29(8)(3)
1800 96,4 817.8 13
2000 91,1 51,0 16
2100 81.4 67,8 21
2200 81,3 64,6 25
(a) Test rate 0, 005 inch per inch per minute to yield, then 0, 02 inch per inch per minute
to failure,
(b) Analyses 9.45% W, 2.45%Zr, 0,01%C, 0.027% O, 0.0024%H, and 0. 004% N,
(c) Average data from two tests,
(d) Average data from eight tests,
(e} Analyses 10.04% W, 3, 23% Zr, 0,027% G, 0.047% (), 0.0043% H, and 0.004% N,
(f) Average data from ten tests,
(g} Average data from four tests. Test rate 0. 005 inch per inch per minufe to yield, then

0. 05 inch per inch per minute to failure,
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TABLE A-82, ROCM- TEMPERATURE TENSILE PROPERTIES OF Cb-752 REROLL STOCK AND FINISHED FOIL(aX6)

Tensile Yield Strength Elongation
Coil Gage, Recrystallization, ASTM Test Suength, (0. 2% Offset), in 2 Inches,
Identification inch per cent Grain Size Direction 1000 ! 1nan =54 nereong
Reroll Foil Srock
162-1, -2 0. 031 50 9.8 L R4, o 69,3 22,9
T 86,7 85,17 1
Finished Foil
162-1 0, 006 90 10,0 L 85,5 68,1 22.0
T 88,6 89,0 21.0
762-2 0. 002 100 9.5 L 98.¢ 79.1 13.5
T 113,3 91,1 8.4

(a) Test rate 0, 005 inch per inch per minute to 0.2 per cent yield,

Analyses are as follows:

Coil
Identification
Th2el, -2
152-1
762-2

Gage,
inch

0, 031

0. 006
0. 002

Weight Per Cent

then 0, 05 inch per inch per minute to failure,

w Zr

9. 96 2,68

Einished Foil

L N
5 tas
TH 1
140 162

PPM
< I
40 <L0
45 <b
60 <10

TABLE A-33. EFFECT OF TEMPERATURE ON Ti{E TENSILE PROPERTIES OF UPSET FORGED
AND ANNEALED Cbh-74(3)(5)

Tensile Reduction

Tcmperature, Stuength, Elongation, in Area,

F 1000 psi per cent per cent
1000 70.4 30 86
2000 52.0 53 88
2300 34,4 86 99
2600 24,5 118 99

(a) TForged 75 per cent at 2200 FF, annealed 1 hour at 2400 F, Nominal

Cb-10W-5Zr1,

cotaposition
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TABLE A-34. EFFECT OF TEMPERATURE AND THE TENSILE PROPERTIES OF Cb-752
BAR (0, 250-INCH DIAMETER)2X(3)

Tensile Yield Strength
Temperature, Strength, (0. 2% Offser), Elongation,
F 1000 psi 1000 psi per cent
rT(b) 817.2 08,5 31
150 68.4 39,8 30
59,6 41,17 38
62,3 39,5 32
i000 52,5 36,2 28
HhhH, 0 36,3 30
Hh,6 36,9 29
2000 39.1 28,5 29
36.4 &9.8 43
35,1 26,8 S
2400 20,5 18,2 43
26,4 20,8 42
25,9 19.9 38

(a) Test rate 0, 005 inch per inch per minute to yield, then €. 05 inch per inch per minute to
failure, Analyses 10.2% W, 2,7% Zr, 0,007% C, 0.015% O, 0,0006% H, and 0. 004% N.
(b} Average data from six tests,
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TABLE A -85, TENSILE PROPERTIES OF ANNEALED Cb-752 SHEET
(0. 030 INCH) AT 2200 F(a}(4)

Tensiic Yield Sirength Elongation
Streagth, (0. 2% Offser), in 1 Inch,
1000 psi 1000 psi per cent
Heat 10(P)
26,2 17.2 27
26.17 18.8 21

Heat 1)(c)

34.2 22.8 29
3.7 Z0.6 33

(2) Aumealed 1 hour at 2200 F, Test rate 0, 005 inch per inch per minute to
yield, then 0, 02 inch per inch per minutc to failure.

(b) Analyses 9.45% W, 2,45% Zr, 0.01% C, 0.027% O, 0.0024% H, and
0.004% N.

(c) Analyses 10, 04% W, 3.23% Zr, 0,027%C, 0.047% 0, 0.0043%H, and
0.004% N,

TABLE A-86. EFFECT OF ANNEALING ON THE TENSILE PROPERTIES OF Ch-752
SHEET (0, 030 INCH) A'' 2200 Fa}3)

Tensile Y icld Stiength Elongation
1-Hour Anncaling Strength, (0. 2% Offset), in 1 Inch,
Temperature, F 1000 psi 1000 psi per cent
1900 35,5 30.1 28

38.0 32,2 30
2000 34,9 27.4 30
33.8 28.3 24
2100 32,8 28,1 31
30,5 26.6 32
2200 33.1 28.5 29
31,0 26,1 42

(a) Test rate 0, 005 inch per inch per minuic to yield, then 0, 05 inch per inch per minute

1o fajlurc.
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TABLE A-x7, ELEVATED -TEMPERATURE TENSILE PROPERTIES OF Cb~752 SHEET(2X3)
Tensile Yield Strength Elongation ii
Temperature, streagth, (0. 2% Offset), 1 Inch,
F 1000 psi 1000 psi per cent
2000 42,9 31,7 20
41,4 31,3 15
2200 33.5 26,1 28
29,6 25.8 22
33.3 26.4 26
2400 23,1 18.2 49
22,9 18.1 38
(a) Test rate 0. 05 inch per inch per minute.
TABLE A-388. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF Cb-752 SUEET

(0. 030 INCH)(A)(!)

Tensile Y icld Strength Elongation in

Temperature, Strength, (0. 2%0ffsct), 1Inch,

F 1000 psi 1000 psi per cent
RT 83.6 69.9 24
1000 53.8 36,9 18
2000 42.0 23.4 25
2200 36,0 23.4 33
2400 26.9 18.4 32

(a) Test rate 0. 005 inch per inch per minute to yield, then 0,05 inch per inclt per minute
to failure,

TABLE A-89. TRANSVERSE TENSILE PROPERTIES OF RECRY STALLIZED Cb-752 SHEET
(0. 035 INCH) AT ROOM TEMPERATURE AND 2700 F(a)(2)

Tensile Yield Elongation in

Temperature, strength, Strength, 1 Inch,

F 1000 psi 1000 psi per cent
RT 85.3 70,5 24
86.3 1.4 23
89,8 75. 9 21
2700 16.9 16.6 >51
17.1 16.8 »61
17,0 16.17 >06

(a) Recrystallized 1 hour at 2200 F. Test rate 0.005 inch per inch per minute to 0.5 per cent
yield, theun 0,05 inch per inch per minute tofracture. Analyses 9,4% W, 2.45% Zr, 0.0270% O,
0.004% N, 0.0024% H, and 0,0100% C.
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TABLE A-90, DYNAMIC MODULUS OF ELASTICITY OF Cb-752

FROM ROOM TEMPERATURE TO 700 F(¥

Temperature,

Dynamic Meodulus of

F Elasticity, 108 psi
RT 15, 03
00 15, 02
230 15. 00
300 14,938
400 14,95
500 14,90
600 14, 81
700 14, 48(3)
(a) Accuracy of this point is questionable,
TABLE A-01. ROQN -TEMPFRATURE NOTCH TENSILE PROPERTIES OF

Ch=752 SHEET (A)(3)

Tensile Yicld Strength
Gage, Gtrengih, (0. 2% Offset),
inch 100 psi 1000 psi
012 13.9 68,2
4.9 0.4
5.9 £9.8
18,3 M0
177.4 69,1
. 030 88.2 16.9
85.7 76,9
%6.4 711
Ri. 9 76, 5
89.1 TR, 17

(a) Ky = 3.8 for 0.030-inch sheet.

Test ratc 6.005 inch per inch per
minute to yicld, then 2.05 1nch per inch per minute to failure,



TABLE A-92, STRESS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED Cb-74(3)(8)

Rupture Elongation Reduction
Temperature, Struss, Life, in 1/2 Inch, in Area,
F 1000 psi i ours per cent pzr cent

1000 a8 (b) 40 13

18 0.1 a1 16

36 3.1 a8 14

31 8.0 46 81

2300 28 0.2 60 88

24 0.6 80 84

16 3.1 -~ 93

2600 15 0,7 au 18

13 0,8 150 86

10 1.3 108 91

i 4.2 163 94

(a) Forged 15 per cent at 2200 F, amicaled 1 hour at 2200F. Nominal composition Cb~10W -5Zr,
(h) Broke on loading,

TABLE A-93, CREEP AND STRESS -RUPTURE PROPERTIES OF Ch-752 SHEET
(0. 030 INCH) AT 2200 F(1)

Stress, Ruprure Timc, Mimmum Creep
1000 psi hours Rate, in, /in./he
20 1.0 0,19
18 12.17 0, 0157
16 8.5 0, 0034
14 106. 1 0, 0020
13 149, 0 9, 00083
TABLE A -94, RUPTURE CHARACTERISTICS OF Cb-752 SHEET

(0. 030 INCH) AT 2000 TO 2400 F{1}

Temperatuie, Average Initial Stress, 1000 psi, for Rupture
F 1 Hour 10 Hours 100 Hours
2000 21 22 18
2200 20 117 14

2400 15 11 8
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FIGURE A-69. TIME FOR 0.2 PER CENT CREEI® AT VARIOUS
STRESS LEVELS FOR Cb-74(7)

TABLE A-95, IMPACT BEND TEST DATA FORRECRYSTALLIZED Gh-752 SHEET (0. 035 INCIT)
AT ROOM TEMPERATURE(1X2)

Encrgy Absorbed on

Test Condition Lmpact, ft-lb Results
] Recrystallized 0. 96 Ductile bend
1 hour at 2200 F
P 102 Ductile bend
3 1.04 Duetile bend
4 0,90 Ductile bend
H 1.18 Ductile bend

Average 1.02

6 Recrystallized 1. 34 Ductile bend
1 hour at 2800 F

1 1.27 Ductils bend

8 1.23 Ductile bend

9 1.37 Ductile bend

10 1.45 Ductile bend

Average 1,33

(a) Bent over 4T radius, 55-degrec angle, using a 2-1b hamrer at 11 feet per second. Analyses
9.4% W, 2,456% Zr, 0,0270% 0, 0,0040% N, 0,0024% i, and 0.0i100% C.



TABLE A-96,
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SHEAR STRENGTH OF Cb-752 SHEET (0. 030 INCH)
FROM POOM TEMPERATURE TO 2400 F(2)(3)

shear Yield Strength,

(L7, Offse ),
1900 psi

Do Cent nf
Tensile St.ingth

{AvTiag?)

‘Teerperatnre; shea Steenti
F 1000 psi
RT 57,2
0.1
68,8
1000 42,6
43.5
42,1
2200 20.5
26,3
28.3
2400 20,3
21.2
22,0

42. 0
41 8
43,

=]

15,5
18.3
12.3

13,4
12,38
1y, 3

80

1®

() Test rare 0, 005 inch per inch per minute to yield, then 0. 05 inch per inch per minute to failure,

TABLE A-97.

BEARING STRENGTH OF Ch-752 SHEET (V. 030 INCH)

FROM RNOM TEMPERATURE T0 7400 1))

Bearing Bearing Yield Strength
Temperature, Strength, (0. 2% Offsct),

F 1000 psi 1000 psi
RT 100, 9 93,1
104, 2 92,0

100.4 90.5

1000 &3, 8 67.8
83,7 70,9

83.2 81,1

2200 6.5 39,4
62.5 47,8

68,1 50,6

2400 41,17 22,1
42,8 22,5

39.6 22.3

(a) The effective bearing area was taken as product of the hole diamcier and the
thickness of the test specimen,  Test rate 0. 005 inch per inch per minute to yicld,
then 0, 05 inch per inch per minute to failure,
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Metallurgical Properties

a,

Fabricability: can be readily fabricated using most conventional fabrication
practices and procedures, primary ingot breakdown must be
be done above the recrystallization temperature, while subse-
quent working to final forms may be done cold(4)

Transition temperature: Table A-G-

Weldability: ductile welds are formed by conventional refractory-metal weld-
ing techniques; welds can be bent over a 2T radius, both parallel
and normal to the weld, at room temperature without exhibiting
any cracking; weld strength efficiencies of 94 per cent can be
achieved(l)

Stress-relief temperature: 1 hour at 1800 w(2)

Recrystallization temperature: effect of annealing temperature on recrystal-
lization and hardness of extrusions(3)

Temperature, Recrystallization, Hardness,

¥ per cent VHN

As extruded 0 260
2200 10 244
2300 25 227
2400 30 240
2500 100 238
2600 100 228
2700 100 232

Note: Data for Ch-74, nominal composition Ch-10W -5Zr.

Table A-99
Figure A-70
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TARILE A - 98, BEND~TRANSITION BEHAVIOR FOR RECRY STALLIZED
Cb-752 SHEET(2)(2)

Temperature,
Condition F Results

Heat 6313, 0,910 Inch(P)

Reerystallized, 1 hr 2200 F -320 Ductile
-320 Ductile
-320 Ductile

Recrystallized, 1 hr 2800 F -320 Brittle
-320 Brittle
-276 Britrle
-260 Brittle
-225 Ductile
-225 Brittle
-200 Ductile
-200 Ductile

Heat 6310, 0,035 Inch(c)

Reerystallized, 1hr 2200 F -320 Ductile
-320 Duciile
-320 Ductile

Recrystallized, 1 hr 2800 F -320 Brittle
-250 Brittle
-200 Brittle
-115 Brittle
-150 Ductile
=150 Ductile
-150 Ductile

(3) Ram rate 10 inches ped minute, bend angle 90 to 120 degrees after spring back.
(b) Analyses 8,48% W, 1,90% Zr, 0,0290% O, 0.0050% N, 0.0031% H, and 0. 0200% C.
(c) Analyses 9,4% W, 2.45% Zr, 0.0270% O, 0.0040% N, 0,0024% H, and 0. 0100% C.
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TABLE A-58, HARDNESS AND GRAIN SIZE OF ANNEALED Cb-752 SHEET(N)

Gage, ASTM Hardness,
Heat fuch Graln S1ze DPH
7 012 9 195
.018 10 186
. 030 10 209
8 LUL2 8 200
018 8 213
. 030 9 224
17 . 012 9 195
. 018 9 196
. 030 9 196

(a) Anncaled 1 hour at 2200 F, Analyses are as follows:

Composition, weight per cent

Heat A Zr C _0 it N
¥ Lo, 06 2,45 0. 004 0, 005 0, 0006 <0, 010
8 10,419 Loh4 0. 003 0. 004 G, 0007 <0,0]0

17 10,20 2. 46 0, D02 0.010 0, 6006 <0, 010
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Analyses 9.40% W, 2.45% Zr, 0.0270% O, 0.0040% N,
0.0024% H and 0.0100% C.

300

250

200

150

100

RECRYSTALLIZATION CIIARACTERISTICS OF Cb-752(2)
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Cb-10W-~ 10H{

1. Identification of Matcrial
a. Designation: C-129 (Wah Chang)
b. Chemical composition: typical analyses of arc-cast material{l)

Element Weight Per Cent

w 9-1t1

Hf 9-11

O <0. 0300
N <0. 0150
H <0. 0020
C <0.0100
Ch Balance

c. Forms available: ingot and most mill products(l)
Z, Physical Properties
a. Density: 0,343 Ib/in. > (calculated){)
3. Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A-100 and A-101
Tensile yield strength: Tables A-100 and A-101
Elongation: Tables A-100 and A=-101
Modulus of elasticitly: 16,0 x 106 psi(l)
b. Effect of Temperature on Tensile Properties
Ultimate tensile strength: Table A-102
Tensile yield strength: Table A-102
Elongation: Table A-102

Modulus of elasticity: data given below(!)
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Temperature, Modulus of Elasticity,
F 100 psi
RT 16.0
2000 13.3
2500 12.2
2700 10.4
3000 8.1

¢. Creep and Stress-Rupture Properties
Figure A-T71
d. Other Selected Mechanical Properties

Bend ductility: for sheet (0.030 to 0. 040 inch) material at room temperature
tested at a ram rate of 10 inches per minute( 1)

Condition ___ Bend Duclility

Stress relieved, 1 hr 1800 F 120 degree 1T bend
Recrystallized, 1 hr 2400 F 120 degree IT bend
Recrystallized, 1 hr 2800 F 120 degree IT bend

Impact: impact bend test results for sheet material at room tempera.ture(z)

Impact Energy Absorbed,

Condition ft-1b
Stress relieved, 1| hr 1800 F 1.70
Recrystallized, 1 hr 2400 F 1. 39

Recrystallized, 1 hr 2800 F 1.41
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TABLE A-1v0. ROOM-TEMPERAT URE TENSILE PROPERTIES OF ARC-CAST C-129 SHEET

Sheet Tensile Yield Strength Elongation
Thickness,  Strength, (0.2% Offscy), in 1 Inch,
Condition inch 1000 psi 1000 psi per cent Reference
Cold rolted(®) U.039 1830.8 (L)  122.2 (L) 4 (L) 2
142.6 (T} 126.8 (T) 3(T) (2
Stress relieved (L hr 0.030 112.3 (L) 100.5 (L) 16 (L) (2)
1800 F)(2) 13,9 (T)  1u3.7(T) 13 (T) (2)
Stress relicved(P) -- 109.3 11,8 14 )
Recrystallized (L hr 0.010 81.0 0.1 21 (0
2400 F)()
Recrysialtized (1 hr 0,030 84.7 (1) T0.7 (L) 30 (2)
2400 F)(3) 88.2 (T)  13.5(T) 20 )
Recrystallized (1 hr V.030 88.4 2.2 26 ()
2400 F)(P)
Recrystallized (1 e U, 040 88.5 1.9 26 (i)

2400 F)(P)

(a) Avciage values for two tests. Test rate u. 003 inch per inch per minute to 0.6 per cent
strain, then 0,05 inch per ineh per minute to fracture,  Analyses 9, 6-10,4% W,
8,72-9,64% Hf, 0,0030% C, 0, 0030-0,0034% N, 0, 0003% H, and 0, 00800, 0230% O,

(b) Typical analyses 9-11% W, 9-11% Hf, <0.0300% O, <0.0150% N, <0.0020% H,
<0,0100% C, bal Ch,
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TABLE A-101. ROOM-TEMPERATURE “ENSILE PROPERTIES OF C-129 REROLL STOCK AND FINISH:D FOIL(2X3)

Tensile Yield Strength  Elongation
Coil Gage, Recrystallization, ASTM Test Swength,  (0.2% Offser), in 2 Inches,
Identification  inch per ceat Grain Size  Direction 1000 psi 1000 psi pet cent
Reroll Foil Stock
129-1,-2,-3  0.050 100 6.0 L 9.8 11,2 30.0
T 91.4 1.5 30.0
Finished Foil

129-2 0.012 100 1.5 L 92.1 12.1 26.5
T 92.0 13.4 27.0
128-3 0.012 100 8.0 L 90.8 3.0 29.5
T 0.2 16.0 28.5
129-1 0.006 100 9,0 L 41,0 4.7 22.0
T 93.1 76.3 28.8

(a) Test rate 0.006 inch per inch per minute to 0.2 per cent yicld,

Analyses are as follows:

Caoil Gage,

Identification  inch

129-1,2.3 0,050

128-2 0.012
129-3 0.012
129-1 0.006

Weight Per Cent PPM
W_oOW z o N C R
Rerol! Feil Stock

10,9 9,7 0.3 60 88 95 <5
-- -- -- 140 68 125 <5
-- - -- 120 57 110 <56
-- -- -- 125 68 90 <5

then V.95 inch per inch per minute to faflure.



TABLE A- 102,

A-167

EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF ARC-CAST C- 129 SHEET

Tensile Yield Strength Elongation
Temperature, Suength, (0. %0 Offser), in 1 inch,
F 1000 psi 100V psi per cent
Stress Relicved 1 Hlour at 1890 F, 0.030 tneh(*}?)
RT 112.3 (L) 100.5 (L) 16 (L)
113.9 (T) 103.7(T) 13 (T)

600 21,0 2.7 9
1200 83.2 76.2 6
2000 417.8 39.6 30
2500 21,1 (L) 19,8 (L) 65 (L)

21.8 (T) 20.3 (T} >73 (T)
2700 17.38 >47
3000 . 11.2 >49
$tress Relicved 1 Hour at 1800 F(X(1)

RT 109,3 101.8 14
2000 49.0 36.6 28
2500 20.7 16.9 >67
2700 16.2 14.8 >4l
3000 9.8 9.3 >61

Recrystallized 1 Hour at 2400 F, 0,010 eh(®X1)

RT 81.0 70.1 21
2000 40.8 30.6 5
2500 24.0 22,2 >10
2700 19.1 18,5 62
3000 12.8 12,6 61

Reerystallized 1 Hour at 2400 F, 0.030 Inch(M(%)
RT 84.7 (L) 70.7 (1) 30 (L)
88.2 (T) 3.5 (T) 29 (T)

600 59.0 4541 24
1900 59,1 36. 1 17
2990 39,2 29.1 42
2500 21.8 (L) 20.1 (L) >37

22.0 (T) 20,5 (T) >57

2700 18.3 17.5 >59

3000 12.3 ii.6 >54
Recrystallized 1 Tlour at 2400 F, 0,030 Inchi®)(1}

RT 88.13 72.2 26
2000 45.6 30.5 26
2500 24.4 22.1 >83
2700 19.7 18.4 >41
3000 10.5 10.4 >62
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TABLE A-102, (Continued)

Tensiie Yield Surength Elongation

Temperature, Swrength, (0.2 Offser), in 1 Inch,

F 1000 psi 1000 psi per cent
Recrystailized  flour at 2100 F, 0,040 !nch(b)(l)

RT 88.5 1.5 26
2000 48,4 31.2 27
2500 26.1 23.1 >67
2700 20.4 18.1 41
2700 18.¢ 18.6 1
3000 10.3 10.2 >62
3000 10.7 10.6 62

(1) Average values for two tests. Test rate 0,005 inch per inch per minute to 0,6 per cent strain, thei
0,05 inch per inch per minute to fracture, Analyses 9,6-10,4% w, 8,72-9, 649 Hf, 0,0030% C,
0,0030-0, 0034% N, 0,0003% H, aud 0,0080-0,0230% O,

(?) Typical analvses 9-11% W, 9-11% Hf, <0,0300% O, <0,0150% N, <0, 0020% H, <0,0100% C,
bal Ch,
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Metallurgical Properties

a. Fabricability: arc-melted ingot can readily be hot extruded or forged to sheet
bar; warm intermediate rolling is donc at 800 F followed by finish
(1)

rolling at room temperature

Transition temperature: for sheet (0. 030 to 0, 040 inch) material bend tested at

b.
a 4T bend radius and 10 inches per minute ran ratel-)
Transition Temperature, F
4T Brittle
Stress relieved, 1 hr 1800 F <-~320 <-320
Recrystaliized, 1 hr 2400 F ~275 ~300
~200 -250

Recrystallized, 1 hr 2800 F

readily weldable using the TIG process; however, solution annealing

c. Weldability:
is required to restore good ductility(!

d. Stress-relief temperaturc: 1 hour at 1800 F(b

Rccrystallization temperaturc: Figure A-TZ
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Referernces .

""Columbium and Tantalum Base Alloys for Structural and Nuclear Application',
Wah Chang Corp., Vol 1, Rev. 2 (1962).

Ty a A
Lungsicn

raon o T HDavalanmen d Pro iee of O whinm - 1007
Sén, n~n. 1., Levaeicpment and e 188 OF LY moium 7

: ia 10%
10% Hafrium Alloy'", The Boeing Co., Technical Paper presented at the 1962 Fall
Meeting of the Metallurgical Society of AIME, New York (October 29 te November 1,

1962).

£ an
<

Personal Communication with G. P. Trost, Mstals and Controls, Inc., regarding
"Development of Optimum Processing Parameters for Refractory Metal Foil",
Contract No. AF 33(657)-9384 (June, 1963).
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Cb-15W-5Mo-1Zr

1. Identification of Material

F-48 {General Electric)
D-40 (Du Pont)

a. Designation:

b. Chemical Composition: Table A-103

c. Forms available:

TABLE A-103,

SELECTED CHEMICAL ANALYSES OF F-48

ingot and fabricated shapes on a best efforts basis

Amount Present, weight pes cent

Ingot
Nomndnal, Top Bottom Top Bottom Top Bottom Top Boiwm. Top DBottom Plate, Plate, Rod,
Elemem  Ref,(1)@) Ref. (2W3) Ref, (2)(5) Rel. @N%) Ref. (3)(C) Rel () Refo@(®  Refu()®  Ret. (5)®)
cb - - - -- -- - - - .- - -- -- 79.1- -
79.8
w 15 15,1 15,3 15,6 15,7 13,8 14,5 13.9 137 160 15.6  12.% 14.9 35~
15,1 16
Ma 5 5.2 5.2 4.6 4.8 4.1 1.8 5.02  4.67 4.93 415 3.5 4.9- 5.0~
5.2 5.2
Zr 1 0,99 110 0,97 0,99 0.9 0,98 0,90 0,89 Li6 1,08 Lo 1.04- 1,0-
1,13 1,4
Ta - - - -- - - - .- - - - - 0, 10+ --
0,125
C 0.04-0.08 0,043  0.0320 0,0320 0.0430  0,0290 0,030 0,038 0,036 0,020 0,026 0.0232 0,035~ 0, 0200 -
0.039 0. 0400
N -- 0.0013  0,0057 0,0041 0,0085 0,0017 0,0037 0,018 0,016 0,025 0,018 0,003 0,001~ 0, 0200 -
0,002 0, 0350
o 0,03-0,06 0,021 0,050 0,0180 0,0270 0,0210 0,0190 0,050 0,016 0,019 0,019 0,019 0,011~ 0,0200 -
0, 085 0, 0500
H - - - - - -- - -- - - - 0, 0002 - -
0. 0004

(a) General Electric material,
(b) Allegheny Ludlum material,
(c) Wah Chang material,

(d) Du Pont material, D-40.
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Physical Properties
a. Melting point: 4500 F (estimated)(1)
; in. 3(1)
b. Density: 0,34 1b/in.
c. Thermal expansion: Figures A-73 through A-75

Thermal conductivity: Figures A-76 and A-77

ja N
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3. Mechanical Properties

a. Tensile Properties at Room Temperature
Ultimate tensile strength: Tables A-~104 through A-108
Tensile yield strength: Tables A-104 through A-108
Elengation: Tables A-104 thrcugh A-108
Reduction in area: Tables A-104 through A-106
Modulus of elasticity: 25 x 106 psi“)

b. Effect of Temperature on Tensile Properties

Ultimate tensile strength: Tables A-109 through A-112
Figures A-78 through A-82

Tensile yield strength: Tables A-109 through A-112
Figures A-78 through A-81

Elongation: Tables A-109 through A-112
Figures A-78 through A-82

Reduction in area: Tables A-106, A-109, and A-110

Modulus of elasticity: Table A~113
Figures A-83 and A-84

c. Notched Tcnsile Properties: Table A-114
Figures A-85 and A-86

d. Creep and Stress-Rupture Properties: Tables A-106, A-115, and A-116
Figures A-87 through A-94

e, Other Selected Mechanical Properties
Impact: Figure A-95
Bend ductility: for stress-relieved (1 hour 2200 F) material(3)

Spring Back From

Specimen Number of a 105-Degree Bend,
Orientation Tests degrees Remarks
Longitudinal 4 7-12 No cracking
Transverse 4 6-10 Slight to
severe cracking
45 degree 2 7-10 No cracking to

slight cracking
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Shear strength: data at room temperature and 1600 F have been deter-
mined for fastener material(8)

Type Diameter, Shear Strength, 1000 psi
Fastener inch RT 1600
Bolt and nut 0.250 80.0 46,5
- - 40,0
Solid rivet 0.125 84,0 55.0
89.5 54.5

Table A-117

Bearing strength: Table A-118
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TABLE A-104, ROOM-TEMPERATURE TENSILE PROPERTIES OF ANNEALED F-48 UPSET FORGINGS(2)(6)

Forging Upset Teusile Yield Smength Reduction

Temperature, Reduction, Strength, (0, 2% Offsetr), Elongation, in Area,

F per cent 1000 ps1 1000 psi per cent per cent
2300(0) 48 19,2 99,9 10 7
2500 47 109, 0 5.9 a 1
2700 47 JA2.7 99,6 2 3
2700(b) 47 RS 91,2 10 12
2300 12 1,7 99,17 0 1
2500 7L 110,4 59,5 o 8
2700(P) 10 120, 1 99,4 26 23
2700 e 116,7 91,7 10 14
2700(b) 72 10,3 85.6 25 38

(a) Anmnealed 1 hour at 2500 F,
(b) Annealed 1/2 hour at 1400 F prior to testing,

TABLE A-105. ROON-TEMPERATURE TENSILE PROPERTIES OF D-dv PLATE (2)(4)

Tensile Yicld Strength Elongation Reduction

suengtly, (0. 2% Offset), in 1/2 Inch, in Arca,

Heat 1000 psi 1000 psi per cemt per cent
152 106,4 95,4 14 REN]
99.5 84,7 6 10,6

154 103.8 97.8 4 8.8
102,5 d5.5 @ 8.6
155 1117.4 96,8 4 7.1
107,3 100, 3 Il 29,6
156 168,7 07,3 8 18,1

97,1 a7, o 0

157 107 8 o, 4 G 16,4
14,4 ug, 2 6 g0
158 107.7 96.8 8 1G. 1
106, 9%, 8 o2 44,3
159 105,0 a6, 5 1 1,7
161 106,4 103,22 2 2.4
105,8 100,0 4 1.2
162 114,2 101,7 12 25,0
111,717 100, 0 4 16, 1
163 110,2 99,4 & 20,48
108, 2 104,4 2 2.5
166 114,38 94,0 14 18,3
113.4 94,1 i3 17,1
174 17,3 105,2 10 12,1
118.2 105, 2 12 17,8
175 113.4 101, 2 8 14.8
116.8 100, 5 12 23.8
215 108,3 101,11 2 4,0
103,2 99,7 4 12,9
216 106. 1 91.3 8 12,9
103,02 8.8 2 2,4
217 09,7 100,2 H 44,3
104, 5 0.8 0 4,1
Average 108, 7 08.6 2.3 4.3

(a) Tested transverse to the extrosion direction.  Test rate 6. 65 inch per minute crosshead speed. Chemical
analyses for material tested are given in Table A-1u%,



TABLE A-106.

CHEMICAL ANALYSES OF D-40 PLATE USED TO OBTAIN DATA GIVEN IN
TABLES A-105 AND A-110 AND FIGURES A-87 AND A-88

A-180

Element, weight per cent

Heat Ch W Mo Zr Ta C N o
152 79,6 14,5 4,89 0,99 0,36 . 039 .002 . 0038
154 18,9 15,0 4,82 1,01 0,36 L0561 .001 . 0046
155 19,7 13,38 4,99 n, 98 0,49 , 044 004 L0052
156 79,4 14,6 4,817 1,01 0,24 . 039 . 003 . 0073
157 79,8 14,0 5,10 1, 04 0, 145 L0483 004 L0051
158 79,1 14,3 4,88 0,98 0,27 ,039 . 002 . 0048
159 79,8 15,0 4,91 1,01 0,60 043 .002 . 0068
161 79,1 14,5 4,88 0,99 0,31 L0388 .002 . 0066
162 80,0 14,5 H, 05 1,00 0,53 . 033 . 007 L0040
163 80,0 14,3 5,00 1,01 0,53 . 039 L019 . 0043
166 81,3 12,8 5, 14 1,02 0, 16 L 041 . 002 . 0036
114 79,2 14,3 5,00 0,98 0,27 .030 . 001 . 0076
175 80,0 14,5 4,95 1,01 0,53 037 . 005 . 0054
216 19,6 14,5 4,98 0,93 0,53 033 005 . 0074
216 80,5 13,1 5,03 0,99 0,39 037 . 005 . 0060
217 79,6 14,1 5,01 1,01 0,27 036 . 005 . 0080
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TABLE A-107. EFFECT OF STRAIN RATE ON THE ROOM-TEMPERATURE TENSILE
PROPERTIES OF STRESS-RELIEVED F-48 SHEET (0, 045 INGHXaX3)
Tensile Yield Strength Elongation in
Crosshead Speed, Strength, 0. 2% Offset), 1 Inch,
in, /min 1000 pei 1003 pai pr1 cent
0.2 120 100 16,5
3 129 125 13,3
i0 132 131,7 13,3

(a) Stress relieved 1 hour at 2200 F,

TABLE A-108. EFFECT OF TEST DIRECTION ON THE TENSILE PROPERTIES
OF F-48 SIIEET AT ROOM TEMPERATURE(®)
Sheet Thickness, Test Direction
inch Property Longitudinal Transverse 45 Degree
0,010 Tensile Strength, 1000 psi 135 128 124
Yield Strength (0. 2% Offsct), 1000 psi 61 17 61
Elongation in 3/4 Inch, per cent [ 5 12
0,044 Tensile Strength, 1000 psi 110 112 38
Yicld Strength, (0.,2% Offsct), 1000 psi 99 102 -
Elongation in 3/4 Inch, per cent 13 8 0
0,048 Tensile Strength, 1000 psi -- 116 93
Yield Strength, (0.2% Offsct), 1000 psi -- 100 --
Elongation in 3/4 luch, per cent -- Q ]
0,051 Tensile Swength, 1000 psi 106 109 .-
Yicld Strength (0.2 per cent Offset), 1000 psi 96 99 --
Elongation in 3/4 Inch, per cent 14 9 -
0,060 Tensile Strength, 1000 psi 120 106 108
Yield Strength (0,2% Offset), 1000 psi 107 104 99
Flongation in 3/4 Inch, per cent 14 2 20
TABLE A= 109.  EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF UFSET FORGED AND ANNEALED F-48(2)(6)
Tensile Yield Saength Reduction
Temperature, Strength, (C. 2% Offser), Elongation, in Area,
F 1000 psi 1000 psi per cem per cent
1000 86,6 -- 2 68
2000 64,0 58.0 22 71
2300 50,0 46,0 30 88
2600 32,0 31,2 56 96

{2} Forged 75 per cenr at 2500 F, annealed 1 hour at 2500 F,
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TABLE A-110. TENSILE PROPERTIES OF D-40 PLATE AT 2200 F (2X4)

Tensjle Yield Strength Elongation in Reduction

Strength, (V. 2 Offset), 0.5 Inch, in Arca,

Heat 1000 psi 10060 psi per cent per cent
152 41,0 38,9 15.0 16,7
40,8 37,0 28,0 38,7
154 42,3 40,8 18,0 28,2
41,7 35,2 12,0 21,9
155 46,6 41,8 15,0 44.8
44,9 41.8 20,0 42.4
156 40,1 36,9 6,0 6.6
43,2 40,0 30,6 33,56
157 42,5 39.4 26,0 59,0
43,06 39,9 13,0 43,4
1oy 41,2 35,6 30,0 10,6
43,1 38.6 26,0 29,8
169 42,2 38.8 14,6 31,17
42,0 38,0 23,9 34,72
161 48, 1 38,9 24,0 41,5
47,1 44,9 30,0 56,6
162 43,8 40,7 24,0 35,8
41,4 34,4 28,0 64, 1
163 41,5 37,1 18,0 26,8
43,17 39,0 24,0 36,3
166 41,0 31,2 16,0 28,5
89,2 33,9 14,8 19,1
114 49,5 46.9 -- 10,3
49,6 41.3 410,90 77,0
s 43,5 3.1 16,0 17,2
48, 1 43.7 20,0 46,1
“ih 41,8 RE 20,0 45,8
44,6 40,0 24,0 44,9
216 45,6 3.5 36,0 65,1
44,0 37.6 22,0 47,1
217 45,7 43,6 - 45,2
45,9 41,3 16,0 23,9
Average 43.5 39.2 21,6 40,2

(a) Tested tramverse 1o the extrusion direction,  Test rate 9. 05 inch per minute crosshead speed. Chemical
analyses for material tested are given in Table A-106,



A-183

TABLE A-111, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF STRESS-RELIEVED F-48 SHEET (0,049 INCH)(3(3)

Temperature, Tensile Suength, Yield Strength (0. 2% Elongation in 3/4 Inch,
F 1000 psi Offset), 1000 psi per cent
RT 122.7 111.3 16.3
121.9 109.5 16.3
121.0 108.9 5.0
1000 86.5 7.8 8.8
1600 81.8 1.2 1.5
83.0 75.7 7.5
80.8 71.8 6.2
2200 40,2 38.9 41.3
2500 26,7 24,8 41.8
27.8 25.8 41.0

(2) Stress relieved 1 howr 4l 2200 F. T est rate v. U5 inch per inch per minute to yield, then 0.03 inch
per inch per minute to fracture.

T'ABLE A-112. EFFECT OF TEMPERATURE ON THE FENSILE PROPERTIES
OF STRES5-RELIEVED [-48 SHEET (0,040 INGH)( @)

Temperature, Tensile Strength, Yield Swrength (0, 2% Elongation iu 1 Inch,
F 1000 psi Offset), 1000 psi per cent
-65 136.5 125.0 “

139.9 127.2 12
RT 121.0 100.0 16
118.2 94.4 It
1000 79.1 5.8 8
83.8 “.5 7

1600 8.5 12.5
79.2 72.2 7
2000 85.3 59.0 9
63.1 57.2 1
2200 53.1 45.5 6
53.8 48.1 15
2350 45.2 39.0 20
43.1 38.0 15
2500 32.3 27.9 36
34.¢ 30.0 29
2700 24.8 22.8 55
24.3 23.7 54

(a) Struss relieved | hour at 2200 F, Test rate 0, 2 inch per minute crosshcad speed.
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TABLE A-118.  EFFECT OF TEMPERATURE ON THE DYNAMIC
MODULUS OF ELASTICITY OF F-48(a)(3)

Temperature, F Modulus of Elasticity, 106 psi

80 22,2
950 20,6
1180 18,1
1830 10,5
2060 )
2115 7.4
2250 7.3
2215 1.2
2425 1.1
24170 5.8
2550 4,6
2680 4,4
2795 1,4

(a) Since a compensating cstimation was factored into the formula,
these data may be somewhat inaccurate,
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EFFECT OF TEMPERATURE AND TEST DIRECTION ON THE
TENSILE PROPERTIES OF D-40 PLATE(4)

Test rate 0. 05 inch per minute crosshead speed.

Analyses 79.1-79.8% Cb, 14.0-15.1% W, 4. 9-5. 2% Mo,
1.04-1.13% Zr, 0.10-0.125% Ta, 0.035~
0.039% C, 0.001-0.002% N, 0.071-0.085% O,
and 0. 0002~-0.0004% H.
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Billet Chemistry
Weight Per Cent PPM
Location w Mo Zr C [e] N

Top 15.7 5.2 0.99 443 210 13
Bottom 15.3 5.2 1,10 320 150 57
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EFFECT OF TEMPERATURE AND TEST DIRECTION ON
THE TENSILE PROPERTIES OF STRESS-RELIEVED
F-48(2)

Test rate 0. 005 per minute.
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FIGURE A-82. EFFECT OF TEMPERATURE ON THE TRANSVERSE TENSILE

PROPERTIES OF F-48 SHEET (0. 035 INCH)(7)

Average Composition

Element Heat 98554 Heat 98634
w 14.54 14.37
Mo 4,21 5,10
Zr 0.91 0.95
C 0.0300 0.0320
(8] 0. 0052 0. 0040
N 0.0041 0, 0040
H 0. 0008
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TABLE A-114. ROOM-TEMPERATURE NOTCHED TENSILE PROPERTIES OF
STRESS-RELIEVEDN F~48 SHEET (0.049 [NCH)(aX3)

Notched
Notch Notch Tensile Elongation
Radius, width, Strength, in 3/4 Inch, Notched /Unaotched
inch incn Ky 1000 psi per cent Tensile Strength Ratio
0,013 0,285 4,1 jei, e 1.0 L6
119, 9 1.0 0,99
0,003 0,423 2.3 106, 1 2,0 0,488
105, 1 1.0 0,87

(_a-) Stress relieved 1 hour 2200 F,
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UNNOTCHED AND NOTCHED BAR~-TENSILE TEST
SPECIMENS USED TO OBTAIN DATA SHOWN IN

FIGURE A-86

FLGURE A-85,
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FIGURE A-80. TENSILE PROPERTIES FOR WROUGHT AND RECRYSTALLIZED
ARC-MELTED F-48(5)
Unanotched Notched
Crosshead Speed,
0, 02 0,005

in. /min

Analyses: 15-16% W, 5.0-5.2% Mo, 1.0-1.4% Zzr,
0.0200~0.0400% C, 0.0200-0.035% N,
and 0, 0200-0. 0500% O.
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TABLE A-115. STRESS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED r-48(2X6)

Rupture Elongation Reduction

Temperature, Stress, Life, in 1/2 Inch, in Area,

B 1000 psi hours per cent per cent
2000 60 0,4 26 4
55 1.8 26 71
44 14,1 28 81
2300 38 0.2 44 81
28 14,1 66 86
25 4,0 23 16
24 12,1 44 18
2600 23 0.3 16 82
17 1.2 94 86
11 11,3 106 90

(a) Forged 75 per cent at 2500 F, annealed | hour at 25600 F,

TABLE A-116.  RUPTURE STRENGTHS OF STRESS-RELIEVED F-48 SIIEET (0, 040 INCHYX2X3)

Stress to Producc Rupture,

1000 psi
Temperature, F 1 Hour 10 Hours 100 Hours
1600 €5 63 60
2000 45 38 30
2100 35 31 25
2200 34 26 20
2500 18 13.5 9

(a) Stress relieved 1 hour at 2200 F, Data taken frem Larsoni - Miller plot, Figure A-94.
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FIGURE A- 87, CREEP BEHAVIOR OF D-40 PLATE AT 2200 F AND 2500 F(4)

Chemical analyses given in Table A~106,



Stress, 1000 psi
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a
0.2 o4 06 0810 2 4 6 8 10 20 40 60
Time, hrs b s
FIGURE A- 88, CREEP BEHAVIOR OF SEVERAL HEATS

OF D-40 PLATE AT 2200 F{4)

Chemical analyses given in Table A-106.
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STRESS- RUPTURE PROPERTIES OF EXTRUDED,
SWAGED, AND STRESS-RELIEVED F-48
1BAR sTOCk(D)

Stress relieved 2000 F.
Bar stock 0. 4-inch diameter.
Data at 2400 F estimated from Larson-Miller plot.
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FIGURE A-91. CREEP AND STRESS-RUPTURE PROPERTIES OF COATED

F-48 TESTED IN AIR AT 2100 TO 2500 F{2)

Billet Chemistry

Weight Per Cent PPM
Location W Mo Zr G O N
Top 15.7 5.2 0.99 443 210 13

Bottom 15.3 5.2 1.10 320 150 51



Stress, 1000 psi

A-201
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FIGURE A-92,

Time, minutes A- 45745

STRESS~-RUPTURE PROPERTIES OF F-48 PLATE
AT 2300 r(2)

Billet Chemistry
Weight Per Cent PPM
Liocation \id Mo Zr C O N

Top 15. 6 4,6 0. 97 320 180 41
Bottom 15. 7 4,8

0.99 430 270 85
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Billet Chemistry
Weight Per Cent PPM
Liocation w Mo Zr C o] N
Top 13.8 4.7 0.92 290 210 17

Bottom 14.5 4.8 0.98 330 190 37

FIGURE A-93. STRESS-RUPTURE PROPERTIES OF F-48 AT 2300 F(2)
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FIGURE A-95.

Temperature, F

IMPAGCT RESISTANCE OF D-40 IN THE LONGITUDINAL,
TRANSVERSE, AND 45-DEGREE DIRECTIONS(4)

Analyses 79.1-79.8% Cb, 14.0-15.1% W, 4. 9-5, 2% Mo,
1,04-1,18% Zr, 0.10-0.125% Ta, 0.035-
0.039% C, 0.001-0.002% N, 0.071~0,085% o,
and 0.0002-0. 0004% H.



TABLE A-117.

A-205

SUEAR STRENGTH UF STRESS-RELIEVED F-48 SHEET (0, 040 INCI)
FROM ROOM TEMPERATURE TO 2500 F(aX3)

Shear Shear Strength/
Temperatiure, Swength, Tensile Strength
F 1000 psi Ratio
RT 15,6 0, 64
78.2
1800 43,8 0.55
42,7
2200 17.8 2,71
34,6
2500 1.6 0,66
3.4

TABLE A-118.

(a) Stress relieved 1 hour at ©200 F,

BEARING STRENGTH OF STRESS-RELIEVED F-48 SIEET (0. 035 INCH)
FROM ROOM TEMPERATURE TO 2500 F(2X3)

Bearing Strength/ Beating, Bearing
Bearing Tensile Yield Yield Strength/
Test Temperatire, Strength, Smength Strength, Yicld Suengtl:
bircection F 1000 psi Ratio 1000 psi Ratfo
Edge Distance 0,375 Inch (1, 5d)
RT Longitudinal 180.0 1.5 154.6 1,8
194.0 1,6 163.4 1.8
RT Transversc 163.0 -- 142.4 -
171.0 - 145.8 .-
RT 45 Degree 186.2 - 145.0 -
214.0 - 152.0
1600 Longitudinal 1568.5 1.9 114.2 1,6
152.2 1.8 103.0 1,4
2500 Longitudinal 76.6 2.3 55.3 1.8
16.2 2,3 55.0 1,8
Fdgre Distance 0, 500 Inch (2, 0d)
RT Longitudinal 163.5 1,3 148.3 .4
162,0 . 145.0 .4
RT Transverse 193.5 -- 148.1 --
203.0 - 164.0 -
250C Longitudinal 73.5 2.2 63.4 .
8.4 2.4 63.2 .

(a) Stress relieved 1 hour at 2200 F,



Metallurgical Propertics

a. Fabricability:

extrusion (4:1) temperatures in the range 2800 to 3200 F have
proved satisfactory; intermediate conversion steps depend {o a
great extent on the specific equipment used; rough finishing tem-~
peratures for mill products should be in the range 1800 to 2000 F
with furnace termperatures at 2000 to 2400 F'; final passcs may be

nerformed at Iower famppr".!-‘."::“,‘

b. Transition temperature: <-40 F for stress-relieved {] hour at 2200 F) sheel

{0. 040 inch){3)

d, Stress-relief temperature: 1 hour at 2200 F for bar and sheet(3,5)

e, Recrystallization temperature: effect of annealing temperature on recrystalliza-

tion and hardness of extrusions and sheet

Temperature, Recrystallization, Hardness,

P per cent VHN

Extrusions (6)

As extruded 0 291
2500 2 274
2600 20 272
2700 70 267

Shect(3)

As reccived(a) 0 275
2400(b) 25 255
2600 70 245
2700 75 245
2800 80 248
3000 95 275
3500 100 305

Recrystatlzation, per cent

FIGURE A-$

(a) Stress relieved | hour at 2200 F.
(b) All exposures for 1 hour.

0 ,___/\r e L1310
20 T ———{ 300
}\ Recrystailizotion %
N >
aol——N |- - — —1zs0 §
&0l Hordness i —Jre0
~—
—]
\\
80 L \J 270
As_Nsz 2400 2600 2800 2000 3200
Swaged |- Hour Anneohng Temperatue, F A-a2743
6. RECRYSTALLIZATION BEHAVIOR OF EXTRUDED

(~4:1) AND SWAGED (~85 PER CENT) F-48 BAR{1)



(1)

(2)

{3)

(4)

(5)

(6)

(7

(8)

A-207 and A-208
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Cb-15W-5Mo0-5Ti-12r

Identification of Material

a, Designation: F-50 (General Electric)

P

b, Cnemical comnposiiion: nominal anaiysesi*/

Element Weight Per Cent
w 15
Mo 5
Ti 5
Zr 1
C 0.04-0,08
o 0,03-0,06

c. Forms available: ingot and fabricated shapes on a best efforts basis
Physical Properties

a, Melting point; 4400 (estimated)(1)
b, Density: 0,33 Ib/in, 2(1)

¢, Thermal expansion: lincar coefficient is estimated to be 5.0 x 10-6/F

(75-2100 F)

c
1
1

{1)
d, Thermal conductivity: estimated to be 20 Btu/(ft"‘)(hr)(F/fL) at 75 w(1)
Mechanical Properties

a, Tensile Properties at Room Temperature

Ultimate tensile strength: 123,000 psi for extruded, swaged, and
stress-relieved bar stock{!)

Tensile yield strength: 80,000 (0,2 per cent offset) for extruded
swaged, and stress~relieved bar sLock“;

Elongation: 25 per cent for extruded, swaged, and stress-relieved
bar stock(!)

Modulus of elasticity: 24 x 106 psi( )
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b, Effect of Temperaturc on Tensile Properties

Ultimate tensile strength: Figurc A-97

Tensile yield strength: Figure A-97

] ot ~ e
LI0UE ALV D agulc A7 0(

Modulus of elasticity; Figure A-98

c. Creep and Stress-Rupture Properties

Figure A-99



Sengr, O 1
£ o goron, per cont

FIGURE A-97. EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES
OF EXTRUDED, SWAGED, AND STRESS-RELIEVED F-50
BAR sTOCK(!)

FIGURE A-98, ~ EFFECT OF TEMPERATURE ON THE MODULUS OF
ELASTICITY OF F-501!

Data from stress-strain measurerments.

K 3%

o3,

FIGURE A-99. STRESS-RUPTURE PROPERTIES OF EXTRUDED, SWAGED,
AND STRESS-RELIEVED F-50 BAR STOCK(1)

Stress relieved 2000 F.
Bar Stock 0. 4-inch diameter.
Data at 2400 F estimated fromn Larson-Miller plot,



Metallurgical Properties

a. Fabricability:

extrusion (4:1) temperatures in the range 2800 to 3200 F have
proved satisfactory; intermediate conversion steps depend to a
great extent on the specific equipment used; rough finishing tem-
peratures for mill products should be in the range 1800 to 2000 F
with furnare tainperaiusos at 2060 o 2400 T, final passes may

be performed at lower temperatures(l)

b, Transition temperature: slightly below RT

¢, Stress-relief temperature: 1 hour at 2000 to 2200 F for extruded and swaged

bar(l)

d, Recrystallization temperature: Figure A-100

FIGURE A=~ 100,

Recrystal lizction, per cent

' 1 310

A \
20 A( \ 300
\
\

o
%

40 \ \Recr, Iizanon 290§
§
5
sofb—---- b \\ 280 B

Hordness \
.,
80 e \< 270

100 "\I 260
As 2200 2400 2600 2800 IGO0 3200

Swaged -

9 I~ Hour Annealing Temperoture, F A-ao78i

RECRYSTALLIZATION BEHAVIOR OF EXTRUDED (~4:1) AND
SWAGED (~85 PER CENT) F-50 BAR(])
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(1) "Recent Advances in Columbium Alloys", Applied Research Operation, Flight
Propulsion Laboratory Department, General Electric Co. (July, 1959).
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Cb-20W-121

1. Identification of Material
a, Designation: AS-30 (General Electric)

b, Chemical comp:sition: nominal a.na.lyses(”

Elerment Weight Per Cent
W 19-21
Zr 0,8-1.0
C 0.08-0, 10
O 0,03 max,
N 0. 03 max.
Chb Balance

¢. Forms available: ingot and fabricated shapes on a best efforts basis

2, Physical Propertics
a. Density: 0.347 1b/in. 3 (calculated)
3, Mechanical Properties
a. Tensile Properties at Room Temperature
Ultimate tensile strength: Table A-119
Tensile yicld strength: Table A-119
Elongation: Table A-119
Reduction in arca: Table A-119
b, Effect of Temperature on Tensile Properties
Ultimate tensile strength: Table A-120
Tensile yield strength: Table A~ 120
Elongation: Table A~ 120
Reduction i area; Table A-140
¢, Crcep and Stress~Rupture Properties

Figure A~ 101
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TABLE A-119. ROOM-TEMPERATURE TENSILE PROPERTIES OF STRESS-RELIEVED AS-30(3)(1)

Yicld Suength

Tensile Strength, (0.2% Offset), Elongation, Reduction in Area,
1000 psi 1000 psi per cent per cent
171,5 143.0 21 60

(a) Stress relieved at 2000 F after 90 per cent waim work, Test rate 0,005 inch per inch per minute.
Analyses 19, % W, 0,9¢% Zr, 0,0950% C, 0,0120% O, 0,0290% N, and 0,0001% H,

TABLE A-120, EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF STRESS=RELIEVED AS-30()(1)

Yicld Suength

Temperature, Tenstie Strength, (0.2 Offser), Elongation, Reduction in Arca,
F 1000 psi 1000 psi per cent per cent
RT 111,56 143.0 21 60
1600 101.3 92.2 12 68
2000 85.0 81.1 13 5
2200 1.9 67.1 11 87

(a) Stress relieved at 2000 F after 90 per cent waim work, Test rate 0.005 inch per inch per minute.
Analyses 19,3% W, 0.90% Z1, 0.C950% C, 0.0120% O, 0.0290% N, and 0,0001% H.

£
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FIGURE A-101. STRESS-RUPTURE PROPERTIES OF AS-30(1)

Analyses 19.3% W, 0.96% Zr, 0.C350% C
0.0120% O, 0.0290% N, and
0.0001% H.

H
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Metallurgical Properties

a.

b.

Cc.

Fabricability:

extrusion temperatures range from 2500 to 3000 ¥ depending
upon the reduction ratio desired; following extrusion, standard
techniques for rolling or forging bar or sheet can be employed,;
processing temperatures should be kept high enough to avoid ex-
cessive cold working, but sufficiently low to take full advantage
zipitation during secondary wo tkiag. )

of ~arbide p

Transition temperature: <RT {n

Stress-relief temperature: 1 hour at 2000 F for material warm worked 90 per

Cenl:(1
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Cb-20W-10Ti-6Mo

1. Identification of Material
a. Designation: D-41 (Du Pont)
b, Chemical compasitizn: Yahle A 121

¢, Forms available: ingot and fabricated shapes on a best efforts basis

TABLE A-121. CHEMICAL ANALYSIS OF ARC-MELTED D-41 INGOT AS DETERMINED
BY FOUR LABORATORIES(Y)

Weight Per Cent PPM
Lahoratory Value(?) w Mo Ti C (o} N 11

| X 21,07 6.4 8,87 , 0870 12 47 2
R 05 L 03 0,29 0. 140 29 8 0
N 3 3 3 2 o Q a

u X %U, 48 6,45 9,05 , 087 170 35 5.4
R - - - - . - -
N L 1 i i 1 1 1

3 X 20, 96 6,55 9,15 . 083 150 86 16
R 0,25 .09 ,06 L 060 20 3 2
N 3 3 3 2 2 2 2

3 X 21,39 6,37 9,04 - - 21 -
R 0,85 0,10 0,52 . .- 3 -
N 10 10 10 - . 2

4 X 20,77 1,05 9,00 .09 260 10 4
R 0,15 03 - 0 -- - --
N 2 2 1 z i i 3

4 X 20,8 -- 9,0 -- 160 -- -
R - - -
N 1 .- 1

() X = arithimetic mean
R = range

N = number of determinations
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2. Physical Properties
a. Density: 0.32 1b/in.3
3. Mechanical Properties
a. Tensile Properties at Roomn Temneratare
Ultirnate tensue strength: Tables A-i22 and A-123
Tensile yicld strength: Table A-123
Elongation: Tables A-122 and A-123
Reduction in area: Table A-123
h. Effect of Temperaturc on Tensile Properties
Ultimate tensile strength: Tables A-123 and A-125
Tensile yicld strength: Tables A-~124 and A-125
Elongation: Tables A-124 and A-125

Reduction in area; Tables A-124 and A-125

1

c¢c. Creep and Stress-Rupture Propertis

Tables A-126 and A-127
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TABLE A-122. ROOM-TEMPERATURE TENSILE PROPERTIES OF D-41 EXTRUSIONS

Tensile
Strength, Elongation,
Candition 1000 psi per cent Reference
As extruded (4;1)( 125 10 3
As extruded (6:1)(b) 136 -- 3
Extruded, 1 hr 2700 F 118.39(T) -- W)

(a) Test rate 0.05 inch per inch per minute.
(b) Test rate 0.067 inch per inch per minute,

TABLE A-1¥3.  ROOM-TEMPERATIIRE TENSILE PROPERTIES OF ANNEALED D-41 UPSET FORG[NGS(a)(U

Forging Upsct Tensile Yicld strength Reduction
Temperaturc, Reduction, Strength, (0. % Offsct), Elongation, in Arca,

F per cent 1000 psi 1000 psi per cent per cent

2300 52 124.0 .- Broke into 4 pieces

2500 54 133.1 124.5 Broke tnio 3 pieces

2700(?) iy 123.1 -- Broke into 3 pieces

2300 12 134.2 126.4 3 3

25600 T 132.6 126.8 4 d

2700(M al 112.5 - Broke into 3 picces

(a) Annealed 1 nour at 2500 F,
{b) Anncaled 1/2 hour at 1400 F prior to testing,
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TABLE A-124. EFFECT OF TEMPERATURE ON TIIE TENSILE PROPERTIES OF D-41 EXTRUSIONS()
Tensile Yield Reduction
Temperature, Strength, Strength, Elengation, in Area,
F 1000 asi 1808 i S
As Extruded (4:1)(3)
RT 126 -~ - --
2000 56,5 53.0 26 at
s Bxtruded (6:1)(")
RT 136 - -- --
200 122 -- .- -
400 107 -- - --
600 88 -- -- --
800 88 -- - --
1000 82,5 -~ . -
1200 82,5 - .- -
1400 73,5 - -- .-
1609 68 -- - -
1800 59,5 -- - ..
2000 46 - - -
Extruded (6:1), Recrystallized 1 Hour at 2400 i(h)
400G 9y 95 i0 10
600 87,5 18 28,6 62
300 81 69 23 69
1000 85 65 21 67
1200 81 Gl.o 20 o8
1400 81 61,5 17,5 51
1600 72 57 15 37
1800 83,5 48 11 28
2000 49 48,5 15 19

(a) Test rate 0,05 inch per inch per minute,
(b) Test rate 0,067 inch per inch per minute,

TABLE A-125.

EFFECT OF TEMPERATURE ON THE TENSILE PROPERTIES OF UPSET FORGED AND ANNEALED D-41(aX1)

Tensile Yield Strength Reduction
Temperature, Strength, {0, 2% Offset), Elongation, in Area,
F 1000 psi 1000 psi per cent per cent
1000 94,0 70,0 20 63
2000 45,8 -- 16 24
2300 25,0 -- 13 21
2600 21.4 -- 30 30

(a) Forged 75 per cent at 2500 F. annealed 1 hour at 2500 F,
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TABLE A-126. STRESS-RUPTURE PROPERTIES OF UPSET FORGED AND ANNEALED D-41(3X1)

Adpture Elongation ir. Reduction

Temperature, Stress, Life, 1/2 Inch, in Area,

F 1000 psi hours per cent per cent
2000 53 0.3 12 14
29 0.3 18 17
25 0.8 15 18
17 13,0 16 17
2300 24 9,1 8 24
18 0.8 20 29
12 6.4 20 34
2600 12 0.2 25 25
9 0.1 32 23
6 3.8 36 36

(a) Forged 76 per cent at 2500 F, annealed 1 hour at 2500 F.

TABLE A-127, STRESS-RUPTURE PROPERTIES OF D~41 BAR TESTED IN
VACUUM AND AIR AT 2000 ¢(3)

Rupture
Stress, Life, Elongation,
1000 psi hour per cent

Extruded (8:1) and Swaged Bar Tested in Vacuum ,

40 0.5 20
30 5.5 25
30 6,1 25
25 21.1 25
20 52,9 21

Extruded and Coated Bar Tested in Air(®)

30 .8 1,1
25 29 2,41
23 13 5,2
20 130 7.6
20 148 8,9

(a) Amnealed 1 hour at 2000 F,
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Metallurgical Properties

a. Fabricability: can be extruded, forged, and swaged at temperatures above
the recrystallization temperature; large forging reductions
are readily possible at 2500 F(1)

h, Transgitiaon tempearature: ~RT for euipeneinng gn? forg‘i_;;gs“’”

c. Recrystallization temperature: 1 hour at 2400 1"(3), 1 hour at 2500 F(Z);
eifect of annealing temperature on
recrystallization and hardness of

exlrusion given below! 1)

Temperature, Recrystallization, Hardness,
F per cent VHN
As exitruded 0 326
2400 30 316
2500 60 313
2600 an 269

2700 100 323
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Cb-5V-5Mo0-12Zr

1. Identification of Material
a. Designation: B-66 (Westinghouse)
b. Churaicit cowopusinv.. iypical analyses are given helowll)

Composition, weight per cent

Elcment Range _Nominal
\' 4,5-5,5 5.0.
Mo 4,5-5,5 5.0
Zr 0,85~1,3 1.0
O 0,030 max 0.012
N 0,020 max 0.006
C 0.020 max 0.006
Ch Remainder Remainder

c, Forms available: plate, sheet, strip, foil, bar, wire, forgings, and
extrusionst!

2, Physical Properties

a. Melting point: 4300 rll)

b. Density: 0,305 lb/in, 3

¢, Thermal expansion: Table A-128

d. Electrical resistivity: 10,9 microhm~cm at -320 F; 22,0 microhm-cm at RT;
and 24.9 microhm~-cm at 210 F{1}

TABLE A-128, COEFFICIENT OF THERMAL EXPANSION

or B-66(Y
Tcmperature Coelficient of Thermal Expansion
C F 10610 /in, /C 1675 1a, /10, JF
26-260 80-500 7.24 4,02
25-540 80-1000 7.42 4, 12
25-815 80-1500 7,70 4,27
Yb-1evh BO-2000 8.1% 4,52
25-13065 B89-2500 8.52 4.73
25-1650 80-30C0 8,117 4. 87
25-1926 80-3500 8.94 4.96
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Mechanical Properties
a. Tensile Properties at Room Temperature
Ultirnate tensile strength: Tables A-129 through A-132
Tensile yield strength: Tables A~129 through A-132
Elongation: Tables A-129 through A-152
Reduction in area: Tables A-129 through A-130
Modulus of elasticity: 14.8 x 106 psi(z)
15.31 x 106 psill)
Table A-132
b. Effect of Temperature on Tensile Properties
Ultimate tensile strength: Tables A-133 through A-137
Tensile yield strength: Tables A-133 through A-137
Elongation: Tables A-133 through A-137
Reduction in area: Table A-133
Modulus of elasticity: Tables A-137 and A~138

c. Creep and Stress-Rupture Properties

Table A=139
Figure A-102

d. Other Seclected Mechanical Properties

Hardness: for various conditions see below{1)

Vickers, Rockwell
Condition DPH B C
As rolled 325 g 35
Stress relieved 1 hr 2000 F 260 - 20
Recrystallized 1 hr 2500 F 230 90 -
Bend ductility: for stress~relieved (1 hour 2000 F} sheettl)
Temperature, Minimum Bend
F Radius, T
. 80 1

-320 1
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TABLE 4 423, SOME SELECTED ROOM -TFMPERATIIRF TENSU.F PROPERTIFS O 2-4C

Tansile Yield Strengih Ruduction
Strength, (02.% Offser),  Elomgation, in Area,
Condition 1000 psi 1000 psi per cent per ceat Reference
Stress-relieved material (1 hr 115.5 95.0 20 -- (2)
1800-2000 F{(®
Reerystallized material (1 hr 2500 £X2) 101.5 6.5 26 - 3
Recrystallized materiat (1 hr 2500 F)X2) 1070 85.6 23 - 2
Sheet (0. 040 inchy(€) 99 74 24 -- 4
Extruded, fuged, and stress-relieved 1ti. 4 87.6 31.4 6b,6 (5)
material {1 hir 2000 Fy
Extruded, forged, and rccrystallized 113.4 77,20 16.6 14,3 (5)

material (1 hr 3270 F)
{a) Testrate 0,06 inch pet inch per minute,
(b) Test rate 0,000 inch per inch per minute through 0.6 per cent yield, then 0,05 inch per inch per minute
to fracture,
(c) Test rate 0,006 dnch per minnte crosshead speed,

TABLE A-130. ROOM-TEMPERATURE TENSILE PROPERTIES OF B-66 EXTRUDED
TUBE BLANKS(2)(6)

Yield Strength Elongation Reduction

Tensile Strength, (0. 2% Offser), in 4D, iu Area,

Condition 1000 psi 1000 pst per cent per cent
As extruded 109.2 84.5 23 45
109, 6 86.3 28 al
Annealed | hr 2200 8 08,35 1.3 30 71
100.8 8.9 30 19
Annealed 2 hr 2600 F 93.8 74.3 30 T2
94.8 75.17 34 10

(3) Test rate 0.v05 inch per inch per minute to yicld, then 0. 05 inch per inch per minute to
failure.
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TABLE A-131. ROOM-TEMPERATURE TENSILE PROPERTIES OF B-66 REROLL FOIL STOCK AND FINISHED FOIL(3)(T}

Yield Swength  Elongation
Coil Recrystallization,  ASTM Grain Test Teaosile Strength,  (0.2% Offser),  in 2 Inches,
Tdentifizaticn  Gage, inrch por ot TiAe virection 1000 psi 100¢ psi Pt .

Reroll Foil Stock

66-2, -3 0.050 90 7.5 L 109, 1 7.8 26.5
T 112.5 82.0 21,2

66-4 0.050 100 7.5 L 100.1 75,1 20,7
T 103.0 1.8 21,8

66-5, -6 0,050 70 2.5 L 109.5 87.3 17.1
T 111.3 89,7 13.0

Finished Foil

66-6 0.010 100 8.5 L 108.6 82,0 21,2
T 1i0.5 80,1 24,0

66-2 0.006 100 9.0 L 100.0 T6.6 22,5
gy 10%.0 79,0 23.5

66-3 0,000 100 9.0 L 104. 3 TT.4 22.0
T 101.0 18.0 1b.0

6-5 0,006 100 8.5 L 103.3 18.6 16.0
T 108.4 9.6 28,1

40 deg 110, 5 86.2 27.5

G6-5 0.002 100 8.5 L 132,0 109.5 19,17

(a) Test rate 0,005 Inch per inch per minute to 0,2 per cent yleld, then 0,06 inch per inch per minute to failure,  Analyscs
are as follows:

Coil Weight Per Cent PPM
Identification Gage, Inch Mo \%4 Zr o] N [94 H

Reroll Foil Stock

66-2, -3 0, 050 5.1 5.15 1,04 210 222 105 <5
66-4 0,050 5.1 5,1 1,1 300 112 120 <10
66-5, -6 0,050 8,1 4.7 1.0 160 138 105 <10
66-6 0.010 -- - -~ 285 174 135 <10
66-2 0.006 -- - -~ 80 65 145 <10
66-3 0.006 - - -- 120 39 70 <10
66-6 0,006 -- -~ -- 345 19 65 <10

66-5 0.002 - i -- 200 139 250 <&
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AVERAGE ROOM -TEMPERATURE TENSILE PROPERTIES OF B-66 FOIS (3

TABLE A-132.
Tensile Yield Elongation Modulus of
Thickness, Test Strength, Strength, in 2 Inches, iasticity,
mils Direction 1000 psi 1000 psi per cent 108 psi

2 L 126. 1 107.3 15.1 14,2

8 L 105.0 84.1 21.6 15.9

6 T 104.9 84.3 23.4 15.3

10 L 104,86 82.4 24,5 15.4

(a) Avcrage of § tests, Test rate 0,004 inch per inch per minute to 0. 6 per cent offset,
then 0, 04 inch per inch per minute to failure,

TABLE A-133.  EFFECT OF TEMPERATURE ON THE TEMSILE PROFERTIES OF ARC-CAST, EXTRUDED, AND

FORGED B-£6(5)

1-Hour Annealing Tensile Yicid Strength Elongation, Peduntion

Temperature, Treatnent, Strength, (0. 2% Offsct), - pet cent in Arca,

F F 1000 psi 1000 psi Uniform Total per cent
75 2000 111.4 87.6 19,2 31.4 85,6
3270 113.4 77,28 0 16.6 14,3
1800 2000 70.0 65.4 2.3 36.7 60.3
2000 2000 53,4 45.8 1.5 3.5 7.0
2200 2000 41,74 31.8 1.6 36,2 8.2
3270 40,6 39.2 0.7 3.8 9.9
2400 2000 28.¢ 23.56 1.8 57.0 91.3
32170 25,17 23.9 0.1 8.2 9.9
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THBLE A-134. 000 OF ToaMITRATURG ON THE TEMNSDLE PROFLRTIES
OF B~66 SHEET (1), Gl INCK) AS DETERMINED BY TWO
LABORATORIES (2)(9)

Tensile Strength, Yield Strength, Elongation,
Temperature, F 1000 psi 1000 psi per cent

Westinghouse

15 99 74 24
2000 52 44 30
2200 39 36 54
24C0 26 26 81
4800 20 20 44

Du Pont
2000 50 40 30
2200 35.9 32.9 55
2400 25,1 26,4 14

(a) Test rate 0,06 inch per minute crosshead speed,

TABLE A-135, EFFEGT OF TEMPERATURE ON TIIE TENSILE PROPERTIES
OF RECRYSTALLIZED B-66 IN ARGON TESTED AT A
EAST STRAIN RATE(2)(3)

Yield strength Elongatgion

Tensile Strength, (0.2% Offscty, in 1 Inch,

Tempcrature, F 1000 psi 1000 psi per cent
2000 85.1 42,6 17,5
2200 44.4 38.2 21.Q
2400 35.9 34.8 16,0
2600 26.9 29.3 3.0
2800 19.3 18.1 40,0

(a) Recrystallized 1 hour at 2500 F, approximately 50 microns of argon, Test
rate 0.28 inch per inch per minute,
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TABLE A-138, TYPICAL TENSILE PROPERTIES OF STRESS-RELIEVED AND RECRYSTALLIZED B-Sﬁ(z)

Tensile Strength, 1000 psi Yield Strength (0. 2% Offsety, 1000 psi Elongation fo 1 Inch, per cent
0,005 In. /In. /Min 0.905 In, /In. /Min 0.005 1n. /s, /Min
Through 0, 6% Through 0. 6% Through 0. 6%
Yiedd, Then Yield, Then Yield, Then
Temperatwe, 0,08 In. /In. /Min 0.05 Ia. /In, Min 0.05 In. /in, Min 0.05 In, /In, /Min 0.05 In, An. /Min 0,95 In. /lo. /Min
F Throughout 1o Fracturce Throughout to Fracture Thionghom to Fracture

Siress Relleved 1 Hour at 1800 10 2000 F

-320 187.5 i 162.8 -- 13 -

-200 149.8 e 127.2 e 27 -

RT 15,5 i 95.0 -- 20 --

2000 48,5 o 42.6 b 41 -
2200 to 30%0 Above recrystallization tempetatiie, usc data below

Recrystallized 1 Hour at 2500 F

-320 1956 .- 154.4 b 1 -
-200 144.8 - 120.3 b 28 -

RT 02,0 107.0 71.0 85,6 a3 23

500 to 1000 16,0 - 60.0 =" 24 --
2000 52,0 46,2 42,5 39,7 32 48
2200 38.0 39.5 34.0 33.4 o7 63
2400 26.1 - 26.0 .- 87 .-
2500 b 22.2 - 21.6 .- 60
2600 21,0 e 20.0 - b5 b
2690 - 16, 7 - 15.4 - 48

3000 - 9.4 -- 8.4 -- 40
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N FIROERRL el Ul

EFFECT OF STRAIN RATE NIN T1'F 77

TABLE A-137
RECHNS TALLLEGD B-66 4.4 ARGON TESTED AT 2000 F(2 (%)

Yield Strength Elongation Modulus of

Strain Rate, 1ensile Strength, (0. 2% Offsery, in 2 Inches, Elasticity,
in. /in, /min 1000 psi 1000 psi per cent 106 psi

. 004 43,0 35,6 6.5 12.2

.026 44,1 33,0 5,0 12,1

. 045 41,8 37.4 12,0 13,1

.200 56.9 42,3 17.0 14,8
(a) Recrystallized 1 hour at 2500 F, approximately 50 microns of argon.

TABLE A-138. EFFECT OF TEMPERATURE
ON THE MODULUS OF

ELASTICITY OF B-66(2)

Modulus of
Elasticity,
108 psi
Temperature, F () (h)
75 4.6 .-
1800 - --
2000 11.8 15,0
2200 == 18,6
2400 -~ 13.5
2500 1.8 --
2600 -- 11,5
2690 4,6 --
2800 -- 10.¢
3000 4.8 -

(a) Test rate 0,005 inch per inch per
minute through 0.2 per cent yicld,
then 0,05 inch per inch per minure

(b) Test tate 0,24 fnch per tnch per

minute,
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TABLE A-139.  CREEP AND STRESS-RUPTURE BEIAVIOR OF RECRYST ALLIZED
B-66 SHEET (0.040 INCI) IN ARGON(2N2)

Temperature,

Stress,

]

Secondary Creep Rate,

-

2000

2200

240

2690

2800

3000

4h.4
47.4
45.2
44,0
40.v
356.2
34.2
29.2

37.3
32.2
27.3
26.5
23.6
19.1

29.7
25.9
18.1
12,4
10.3

9.6

21.4
21.1
17.8
12.1
7.0
3.7

i7.0
15.3
13.0
6.6
4.4
1.7

—
a1

-
O N w» ~3 0L
PP
D WO W RN O N e

E]

__Rupture Time _

Min New
.53 G 24
0.166 0 68
UL u67 0 48
0.0087 7 29
0.0051 4 58
0.064 13 1n
0017 22 52
0.00u11 54 12
0. 0TL 2 38
0.0398 2 17
0.0049 6 4
.0043 24 10
0.0617 26 44
0.00098 27 56
0.192 0 33
0.036 | 95
0.0038 at 54
0.0014 52 20
0.0011 46 40
0,0006 61 51(b)
0,237 0 18
0.172 0 2
0.039 2 i
0.008 9 10
0.0022 43 a2
0.0012 51 4
0.37 0 36
0.16 1 18
0,061 1 24
0.015 15 10
0.0046 30 30(b)
0.0029 60 ofb)
0.5 0 15
0.35 0 16
0.167 0 36
0.105 0 54
0.051 2 19
0.021 9 42
0.0122 9 217
0.0912 29 g

(a) Recrystallized 1 hour at 2500 F, approximately 80 microns of argon.

(b) Test discontinued.
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FIGURE A-102,

Rupture Time, hours

STRESS- RUPTURE OF B-66 AT 2200 AND 2600 »(1)

Nominal analyses 5,0% V, 5.0% Mo, 1.0% Zr,
0.012% O, 0.006% N, and
0.006% C.
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Metallurgical Properties

a, Fabricability: arc-cast ingots can be successfully extruded to sheet bar at
2500 to 3000 F; subseguent rolling to plate can be performed

at 2010 to 2190 F(%); highly formable alloy which can be punched,

blanked, or sheared at room tempcrature without edge cracking;

g, hrake far-aing, diaving

spinuine can be performed at roors tzmperature, althovgh they
can bc accomplished with greater ease at slightly elcvated

temperatures n

nﬁp“aﬂnnq “uch »o L and

b. Transition temperature: <-320 r{l)

¢. Recrystallization temperature: Table A-140

TABLE A-140, RECRYSTALLIZATION BEHAVIOR OF B-66(2)

Anngaling 35 to 40 Per Ceat Cold Work 85 to 90 Per Cent Gold Work
Temperature, Hardness, Recrystallization, Hardness, Recrystallization,
F DPI per cent DPH per cent
RT 300~310 0 320-325 0
1800 -- i 275-380 &
2000 202 0 230 86-9b
2200 249 & 228 96
2400 235 96 -- --
2600 - -- w8 100

2600 227 - - --




(7)

(8)

()
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Savage, C, 1l,, and Root, D, C,, "Determination of Mechanical and Thermophysical
Propoerties of Coated Refractory and Superatloy Thin Sheet", Nortl Aincrican »
Aviation, Inc,, Contract Nou, AF 33(657)-9416, Third Progress Report,

81D 62-1219-3 (April 15, 19063),

Letter from R, I, Begley, Westinghouse Klectric Corp., to R, L, Jalfee, Dattelle
Memorial Institute, regarding Columbium data presceated to the Subpanel on Alloy
Regyuiroments and Sclection of the MADB {Ifchruary 27, 1961),
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Depasunait of Defense Tltanium Sheet-Rolling Program - Uniform Testing Procedwre for Sheet Materfals.
September 12, 1958 (PB 121649 81. 25)
Department of Defense Titanium Sheet<Rolling Program -~ Thermal Stability of the Tltanium Sheet-Rolling -
Program Alloys, November 25, 1958 (P8 151061 $1.25)
Department of Delense Tlantum Shect~Rolling Program Status Repuil No, 4, March 20, 1959 (PB 151065 32, 25)
Deparument of Defense Titanjum Sheet-Rolling Program = Time -Tempeiatuse ~Transformation Diagrams of
the Titanlum Shect-Rolling Priogram Alloys, October 13, 19560 (PB 151075 $2. 25)
Department of Defense i'itanium Sheet=Rolling Program, Status Report No. 5, June 1, 1960 (PB 151087 32, 00)
Statistical Analyds of Tensile Propertics of Heat-Tredled Ti-4A1-3Mo~1V Shect, September 15, 1960
(PB 151095 $1. 25)
Statistlc.! Analysis of Tensite Properies of leat~Trcated Ti=-4A1-3Mo-1V and Ti~-2. 5A1-16V Sheet,
June 8, 1961 (AD 259284 $1.25)
Deryllium for Structural Applications, Augurt 15, 1958 (PD 121646 $3. 00)
Tensile Properties of Titanlwm Alloys at Low Temperatute, January 15, 1959 (P8 151062 $1, 25)
Weldlng and Brazing of Molybdenwn, dMarch 1, 1959 (PB 151063 $1. 25)
Coatlngs for Protecilng Molybdenum From Uxidation st Clevated Temperature, March 6, 1959 (B 151064
$1,25)
The All-Beta Thtanhwm Alloy (T1-13V-11Ge-3A 1), April 11, 19560 (PB 151066 $3. 00)
The Physical Metallurgy of Precipltation-Hardenable Stafnless Stecls, April 20, 1959 (PB 151067 $2.00)
Physical and Mechanical Properites of Nine Gomingerclal Precipitatinn-Hardenable Statnless Steels.
May 1, 1969 (PB 1561004 $3. 2u)
Propeetles of Certaln Cold=Rollcd Austenltie Stalnless Sheet Steels, May 15, 1950 (PD 151069 $1,7%)
Ductilc-Brittle 'ransition {n the Releactory Mctals, Junc 25, 1959 (PB 151070 $2. 00}
The Fabricatlon of ‘Tungsten, August 14, 18569 (U5 151071 $1.75)
Design Informaton on $Cr-Mo=.' $lloy Steels (1{=11 and 5C¢-Mo=V Afrcraft Steel) fur Alrcraft and Misailes
(Revised). Sceptanber 30, 1900 (PB 151072-R $1, 50)
Titanium Alloys for liigh-Temp e Use Sticng! d by Fibers or Digy Fanieles, August 31, 1959
(PD 161073 $2.00)
Welding of [Mgh-Strength Steels for Adreralt and Mlssite Applications, October 12, 1959 (PB 151074 $2.25)
Heat Treauncnz of High-Strength Stects lor Alreraft Appiic 03, Hovember 27, 1950 (PY 151575 $4.50)
A Review of Certain Fertous Gastings Applications In Atreraft and Missties, Deceinber 18, 1969 (PB 151077
$1,50)
Methods for Conducting Short="time Tenstle, Creep, and Creep-Ruptire Tests Under Conditlons of Rapid
Heating, December 20, 1969 (PB 151078 $1
The Welding of Titanfum and Tltanium Alloy:. Deceinber 31, 1260 (P8 151079 $1,75)
Oxidation Behavior and Protective Coatings for Columbiun and Cotumblam-Base Alloys, January 15, L%t
(PB 151080 $2. 25)
Current Tests for Evaluating Fractute Toughness of Sheet Metals at High Swengih Levels, January 28, 1960
(PB 111081 $2. 00)
Physical and Mechauical Propetties of Columbium and Columb{um-Base Albuys, February 22, 1960
(PR 15i08281.75)
stuctwrail Damage in Thermally Cycled Rend 41 and Astroloy Shect Matcrials. February 29. 1960
(P 151083 50, 75
Pliysical and hicchanical Propesies of Tungsten and Tnngsren-Base Allays, March 1h, 1960 (FB 1b1v84 31, 75)
A sunmary of Comparative Propeitics of Alr-Melted and Yacuum-Melied Stecls and Superalloys,
March 28, 1960 (PB 151085 §2. 1)
Physical Propurties of some Nickel-Baze Alloys, Liay 20, 1060 (PB 151086 $2, 75)
Selected Shott=Time Tensile and Greep Data Obtained Under Conditions of #apid Heating, June 17, 1960
s 151088 $2. 25)
New Developments of the Welding of Metals, Juge 24, 1360 (3 151080 $1, 45)
Design lafotnation on Mick:l=Base Alloys for Aircraft and Missties, July 26, 1960 (PB 151099 $3.00)
Tantatum and Tantalam Alloy.. Jaly 25, 1360 {(PB 151071 32,00
Stratn Aging of Refractory Metals, Augtst 12, 1360 (PB 151092 $1,75)
vesign Infotmation wit S 10 -0 M ctanless steed fur Atceralt and Missiles, Augast 22, 11659 (PB 151093 51, 25)
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The Effects of Alloviag Elements in Titanium, Yolume A, Constitutior, September 15, 1960 (PB 15594
33 50)

The Effects of Alloying Elements in Titanlum, Volune R, Physical and Chzmlcal Propertics, Defoananon
and Transformation Characreristics, htay 29, 1961 (A CoU2RE 83, u0)

Design [nformation on £7-7 PH Stainless Steels for Aircraft and Minles, Seprember 23, 1983 (00 15105

L)

# vallability and Mechanical Properues of High-Strongth Steel Extmsons, October 26, 1980 (PB 131097 §1,

ncidng and castng of tite Reitaciopy Meiai» Muiyt
Novembder 18, 1960 (PD 151098 $1,00)

Physicai and Mechancal Properties of Comntercial Molybdenun-Baswe Allays, Noveiber 39, 1900
@0 151099 §3.00)

Tltanfum~-Alloy Forgings, December 19, 1860 (PB I511uc 32,25)

Envizonmental Factors [nfluenclng Meta.s Appilcations 1n Space Vehicles, Decemnber 22, 1960 (PB 151181
$1,25)

High-Stzengih-Steel Forgangs, January &, 1961 (P8 toltes $1,

Stress-Corroskon Gracking - A Nontechntcal [ntealue =i to the Problem, January 6, 1961 (FD 10103 §0,774)

Deslgn Information on T1tanfum Alloys for Alrceaft ang hsssiles, Jannary 149, 1961 Py 13104 $2,485)

Manual for Rerylilinn Prospectors, Jarvary 18, 1961 Pl 101105 31,1%)

The Fzetors Influencing the Fraciae Charactensties of High-Steenpth Steel, Februory 6, 1981 (P 18110¢
§1.25)

Review of Guirent Data on the Fenside Propertics vf Melals a1 Veory Low Temperatures, February 14, 1963
(B 151107 32,00)

Reazing for Yigh Temperatute Service, February €1, 161 (PR 1L116R $1, D)

A Review of Bending Methods § aceess Steet ubeny, Manch 1961 (PR 1S1IGY §1, H0)

Frviromnental and Metallurgical Facton of Strews-¢ orrosion Gracking in High-Strength Steels, Aptil 14, 1981
(Bl 151110 30,772

Binary and Fepaty Phaie Diagrams of Colmnbivm, Molybdenom, Tantain
(A1) 287739 33, 51y

Phyaleal Matalinzey of Nickel-Base Superalloys, May b, THGL (AD Uhsud) $1,20)

brolutton of Ultealayhi-S trength, Hardenable Steels for solid-Propellant Rocket-Maotor ases, May b, 1061
(AN RET9TG $1, e

Oxdatlon of Fungsten, July V1, 1361 (ADD 263405 §3, 00y

Destyn nfouuation vn Ak ~350 Stalaless Steel for Alreraft and Missaes, July 28, 1961 (AD #4240

A Summary of the Fheory of Fractue 1o Metals, August 7, 1961 (M3 181031 81, 18)

Strest-Cotronon Cracking of High=Strength Stataless Stecls in Atnophern £avioonnenss, Septeiuics 1o, 1961
(A1 2660006 31,00

tras=Presute Dotding, S ptenibe 1961 (AD LubI133 $i.20)

Latioduction to Metals for Plevated=Temperstore Use, Oatobor 05, BRI {AD 268647 §2, o)

Status Report No, 1 ooi Depattinent of Delense Refiacioo Metals Sheel<Relling Progran, Hovvanber o, 151
(Al 267011 $1,00)

Goatings for the Protection of Refeactory Metals ) iom vsadaton, November 24, 1951 (AL 271384 83, 1w

Gonttal of Dhinenslons In High-Steenpth Heat- Licated Stecl Pagts, Novembes 29, 151 (AD £ b, i)

Semlavstenitic Precipitation-latdenable Staltiloss steels, beccinber 6, 1081 (AL 14008 82, 115

Mcihids of Evaluating Welded Joints, December o, 1941 (AD 12088 $2. 28

The Effect of Nuclear Radlation on Stractural Motal, Seplember 1h, 1961 (A 266439 B2, b)

Summary of the Fifth Mecting of the Refractory Cupone Working Gooup, Maeeh 12, 1962 (AD 27894 §4, 00)

Heryltiom for Structural Applications, JSs%- 1900, Ko, ir 1965 (AD 18723 $3. H0)

Ulie Effect of Motten 4 tkals Sterale an Contattarent Mrtale and Aflovs at 1igh Temperatres, Moy 1R, 1962
(AD V82032 §1. )

Chemleal Vapor Deposition, June 4, 1903 (AD 28400 - 20

1 he Physic al Metallurgy of ¢ obalt-Bate Superaliovs, B, TOR2 (AD RR3ALG 82, 05

Background for the Development of Matenals Fo ke tu s Hiph-Smrengsh-Stect Structural Weldnicns,
fuiy 31, L1962 (AD 284205 3.0, )

New Developinents in Welded Fabricatlon of Lar,
(A 284R29 §1.0%)

Flecumnl=-Beain Pt vases, Seplember bh, 18967 (A oL & )

Sunumary of the Sixih Mevtag of the Refracton ¢ o
(AD U¥iy $1.15)

Status Report No, 32 on Department of Defense Retractia, M tals Sheet-Rolling Program, Octoher (5, 1962
(Al cenis
| heral Raoiative Propertics of Selected Matees e fiovembet b, 5900, Vol, T AD 204345 §3 o0y
I'hermal Radiztive Propestles of Selected Matesisls, Mevember 15 2, Vol [T (AD V942 1 §4,00)

Sicels for §arge Solid-Propellant Rocket-Motor Cases, Novcinber 26, 19002

A taude 1o the Literatsie on 1 f ty ny. Decrmber 10 1800

1 Guiosindi

i Fasiaiung snd Tungsten,

andd Vongsten, April 24, 1961

i Fuet Rocket-Motor Cases, August 6, 1949

61es Working Group, Sepreinber ¥4, 100y

Silew

Design Considerations in Sciccting Materfals fur Larce solid-Propritant Racket-Motor Cases. December 10, 1962
i Micke! -lase Alloys, Decembrer oo, 100,

Forming
Ctnctarai Cemstderatians i Developing Refiacton Lol Aljave, Jammuy S, bl

I oolambie,

fase i

srary

bdenmn, Tantalom, and Tapesten (Sapalement 1o DMIC

Lep tebraary 7, .
sty of e seventh Meeting of tie Retractery ©or | ges Warsing croap, May 3o, {36
e 18,4967

chanseal Propermies of Refescrary Metds and Allays,

Iie status ind Properiies ab Taansam Allags o o0

TS RUT

Ihe Hfevt of Yabrication Histoiy a
By 10, 1ds

Phe Appiicauon of 1 izasanic bteeryy in i e

s, August |6, 1963
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